The two amino acids GABA and glycine mediate fast inhibitory neurotransmission in different CNS areas and serve pivotal roles in the spinal sensory processing. Under healthy conditions, they limit the excitability of spinal terminals of primary sensory nerve fibers and of intrinsic dorsal horn neurons through pre-and postsynaptic mechanisms, and thereby facilitate the spatial and temporal discrimination of sensory stimuli. Removal of fast inhibition not only reduces the fidelity of normal sensory processing but also provokes symptoms very much reminiscent of pathological and chronic pain syndromes. This review summarizes our knowledge of the molecular bases of spinal inhibitory neurotransmission and its organization in dorsal horn sensory circuits. Particular emphasis is placed on the role and mechanisms of spinal inhibitory malfunction in inflammatory and neuropathic chronic pain syndromes.
I. INTRODUCTION
Proper processing of sensory information in the CNS depends critically on inhibitory synaptic transmission. The contribution of GABAergic and glycinergic neurons to this process is probably best studied in the retina where the neuronal circuits underlying lateral inhibition and feed-forward and feedback inhibition have extensively been characterized as important mechanisms contributing to contrast enhancement and to increased spatial and temporal resolution. In the case of the somatosensory system, a similar computation occurs first at the level of the spinal dorsal horn (or in the trigeminal nucleus, the analog structure in the brain stem). At these sites, somatosensory processing involves the precise interaction of GABAergic and glycinergic interneurons with other dorsal horn neurons and with the spinal terminals of primary sensory fibers through postsynaptic and presynaptic mechanisms. The function of inhibitory dorsal horn neurons, however, extends far beyond the physiological processing of somatosensory stimuli and has important implications also for the generation and maintenance of chronic pain states. An important role in nociceptive processing and in pain has been proposed more than 45 years ago by Melzack and Wall (248) in the gate control theory of pain (FIGURE 1). In the original model, signals arriving in the spinal dorsal horn from high-threshold nociceptors and from low-threshold mechanosensitive fibers were proposed to interact with local inhibitory interneurons to open or close the "pain gate." Although some of the proposed synaptic connections were later shown to be incorrect, the pivotal role of inhibitory dorsal horn neurons in the spinal control of nociceptive signal propagation became firmly established, especially when the introduction of selective blockers of GABAergic and glycinergic inhibition allowed direct proof of the contribution of the two fast inhibitory neurotransmitters to dorsal horn pain control. Today we know not only the structural, molecular, and neurochemical bases of this inhibition, but also that a loss of GABAergic and glycinergic synaptic transmission is an underlying mechanism of neuropathic and inflammatory pain. Work from several laboratories has discovered key elements of maladaptive plasticity in inhibitory dorsal horn circuits during different pathological pain states. Recent drug development programs have started to use this knowledge to develop new strategies aiming to restore proper synaptic inhibition in the spinal dorsal horn. Current basic research is focusing upon the precise components of neuronal circuits underlying spinal inhibitory pain control.
II. MOLECULAR COMPOSITION OF FAST INHIBITORY NEUROTRANSMITTER RECEPTORS: SYNTHESIS, STORAGE, AND REUPTAKE OF GABA AND GLYCINE
GABA A and glycine receptors belong to the Cys loop superfamily of ligand-gated ion channels, which also includes nicotinic acetylcholine receptors and ionotropic serotonin (5-HT 3 ) receptors (FIGURE 2). Members of this family are distinguished by the presence of an NH 2 -terminal extracellular domain containing a disulfide bridge between two cysteine residues. Both GABA A and inhibitory (strychnine-sensitive) glycine receptors are chloride permeable, pentameric, transmitter-gated ion channels with four transmembrane domains per subunit.
A. GABA A Receptors
The molecular architecture of GABA A receptors has been the subject of extensive research for several decades and has been comprehensively reviewed elsewhere (e.g., Ref.
29).
Here, we briefly summarize the molecular composition of GABA A receptors. Most of the data discussed here are based on experiments performed in rodent tissue or receptors unless stated otherwise.
Mammalian GABA A receptors are assembled from a repertoire of 19 subunits designated as follows: ␣1-␣6, ␤1-␤3, ␥1-␥3, ␦, , , , and 1-3 (283) (FIGURE 3). "Additional" subunits, i.e., a ␤4 subunit and a ␥4 subunit, have been described in chicken (31, 141) . These subunits correspond to the mammalian and subunits, which are conversely absent in birds (346) . If one were to apply an unrestricted combinatorial approach, these 19 subunits gave rise to thousands of subunit combinations. In reality however, it is likely that no more than 50 different subunit combinations exist in relevant amounts (283) . Despite this, GABA A receptors remain the most diverse family of neurotransmitter receptors in the mammalian nervous system. The majority of these receptors contain two ␣ subunits, two ␤ subunits, and one ␥ subunit. They are typically clustered in membrane spots opposing GABAergic boutons, and activated by GABA released from presynaptic terminals. These synaptic receptors have a lower affinity for GABA than the extrasynaptic receptors discussed below and mediate phasic inhibition. In the brain, most GABA A receptors are composed of ␣1, ␤2, and ␥2 subunits. In the spinal cord, ␣2 and ␣3 are more abundant than ␣1 subunits (48) , and ␤2 is replaced in the majority of spinal GABA A receptors by ␤3 (211, 396) . The "wheel" arrangement of ␣, ␤, and ␥ subunits in these channel complexes (32, 33) is shown in FIGURE 3B. The physiological activator GABA binds to an interface formed FIGURE 1 Gate control theory of pain. This model proposed that inhibitory interneurons (yellow) located in the substantia gelatinosa (SG) would determine whether nociceptive input from the periphery would be relayed through the spinal transmission system (red, T) to higher CNS areas where pain would be consciously perceived.
[Modified from Melzack and Wall (248) , with permission from AAAS.]
FIGURE 2
Membrane topology of Cys loop ion channels as proposed by Karlin and Akabas (186) .
by the ␣ and ␤ subunits, which occurs twice in a typical GABA A receptor. In addition to the physiological activator GABA, many GABA A receptors bind endogenous neuromodulators, such as neurosteroids, and modulatory drugs, including benzodiazepines, barbiturates, alcohols, and anesthetics. The benzodiazepine binding site is generated by the ␥2 subunit and by one neighboring ␣ subunit (256) . Receptors containing ␥1 or ␥3 subunits are also able to bind benzodiazepine-site agonists but with strongly reduced affinity (38) . Only receptors containing at least one ␣1, ␣2, ␣3, or ␣5 subunit are potentiated by benzodiazepine-site agonists, whereas ␣4 and ␣6 subunits are resistant to potentiation by classical benzodiazepines (257) . Channel complexes containing ␣1/␥2 binding sites have been previously termed type I benzodiazepine receptors, whereas those possessing ␣2/␥2, ␣3/␥2, or ␣5/␥2 binding sites correspond to type II benzodiazepine receptors. Apart from contributing to the benzodiazepine binding site, the ␥2 subunit is also required for the synaptic clustering of major GABA A receptor subtypes (102) .
A subset of GABA A receptors, which possess the ␦ or subunit in place of the ␥ subunit, are benzodiazepine insensitive and are exclusively located at extrasynaptic sites. They typically exhibit a higher affinity for GABA than ␥2 subunit containing receptors and mediate tonic inhibitory currents. These channels exhibit a highly restricted distribution within the CNS. The ␦ subunit is most abundant in the cerebellum but is also found in several forebrain areas including the dentate gyrus, the neostriatum, and certain cortical layers. The subunit is found in the spinal cord (287) , the hypothalamus, and several other hindbrain areas (260) . The and subunit are the least well-characterized GABA A receptor subunits. Expression of the subunit overlaps with the subunit in several CNS areas (287) , while the subunit is generally restricted to peripheral tissues such as lung, thymus, prostate, uterus (147) , pancreas (51) , and respiratory epithelia (67) .
Bicuculline is the most commonly used GABA A receptor antagonist. It blocks all ionotropic GABA receptors, with the exception of those containing subunits, but also inhibits certain potassium channels (96, 193) . Gabazine is another GABA A receptor antagonist, which has been reported to elicit preferential block of synaptic GABA A receptors (26, 235) . A corresponding subunit specificity is not known.
The subunits are probably the most peculiar GABA receptor subunits as they are the only ones capable of forming functional homopentameric channel assemblies. Furthermore, GABA receptors composed entirely of subunits are relatively insensitive to bicuculline (and diazepam). These pharmacological characteristics match those of previously described bicuculline-and baclofen-insensitive GABAevoked currents whose underlying receptors have been termed GABA C (93) . The current IUPHAR nomenclature recommends that this term be replaced by GABA A0r . In this case, the "0" denotes the absence of typical GABA A receptor pharmacology while the "r" indicates the exclusive arrangement of subunits (282) . The subunits are most prevalent in the retina, although 2 exhibits widespread expression throughout the brain (101, 392) and 1 is expressed in the spinal cord (423) .
It should be noted that GABA A receptors may serve functions in the CNS that go beyond inhibitory neurotransmission. Such additional processes include adult hippocampal neurogenesis, which is impaired in mice carrying deficits in ␥2 subunit containing GABA A receptors (97) . At present, evidence for adult neurogenesis in the spinal cord is lacking. Functional GABA A receptors are also expressed by spinal astrocytes (160, 288) . Astrocytes do participate (indirectly) in sensory processing and do contribute to the generation of chronic pain states (reviewed in Ref. 118 ). However, a role of glial GABA A receptors in these processes is unknown.
B. Strychnine-Sensitive Glycine Receptors
In addition to GABA, glycine is a second fast inhibitory neurotransmitter in the spinal cord, brain stem, and a few other selected areas of the CNS including the retina. It activates a plasma membrane chloride channel that is selectively blocked by strychnine, an alkaloid from the Indian plant Strychnos nux vomica. It distinguishes inhibitory glycine receptors not only from GABA receptors but also from excitatory N-methyl-D-aspartate (NMDA) receptors, which also possess a glycine binding site. At these excitatory receptors, glycine (8, 39, 183) and D-serine (265) serve as endogenous coagonists and are required, together with the principal excitatory neurotransmitter L-glutamate, for full channel activation.
Interestingly, the distribution of glycinergic terminals and postsynaptic glycine receptors does not correlate well at supraspinal levels. At several sites, most strikingly in the hippocampus, strychnine-sensitive glycine receptors are abundant while glycinergic terminals are very sparse. It is possible that other agonists such as taurine or ␤-alanine function as endogenous activators of glycine receptors at these sites (263, 401) .
The subunit composition of strychnine-sensitive glycine receptors shows considerably less heterogeneity than that of GABA A receptors. Like GABA A receptors, glycine receptors are heteropentameric transmitter-gated Cys-loop ion channels. However, unlike GABA A receptors, the repertoire of subunits that glycine receptors can draw from is limited to four ␣ subunits, designated ␣1-␣4, and one ␤ subunit (FIGURE 4). In rodents, all five genes encode functional channel subunits; however, in humans, the ␣4 subunit gene is a pseudogene due to the presence of a premature stop codon (346) .
Glycine receptor ␣ subunits are capable of forming functional glycine-gated homomeric ion channels, but in the adult nervous system, most inhibitory glycine receptors are heteromeric receptors formed by ␣ and ␤ subunits (207) . Until recently, it was thought that heteromeric glycine receptors consisted of three ␣ subunits and two ␤ subunits. The ␣ subunits were thought to provide the binding sites for glycine and strychnine, whereas the primary function of the ␤ subunits was thought to be the anchoring the receptor complex to the postsynaptic membrane via the scaffolding protein gephyrin (291, 334) . However, recent evidence suggests that the ␤ subunits also participate in the formation of the glycine binding site and that glycine receptors are composed of two ␣ and three ␤ subunits (132) .
In most parts of the immature CNS, glycine receptors are probably homomeric ␣2 receptors, which become later replaced by ␣/␤ heteromers (357) . In the adult nervous system, the ␣1 subunit is the most prevalent, while the ␣3 subunit is expressed in a spatially restricted manner (238) . In certain areas, such as the retina, the ␣2 subunit continues to be expressed into adulthood (146) .
Besides strychnine, picrotoxin, a mixture of picrotin and picrotoxinin, is sometimes used to pharmacologically characterize inhibitory glycine receptors. Picrotoxin cannot be used to distinguish between glycine and GABA A receptors, but it can be used to separate homomeric glycine receptors, composed entirely of ␣ subunits, from heteromeric receptors, containing both ␣ and ␤ subunits. This is due to the preferential block of glycine receptors lacking ␤ subunits at low concentrations of the drug (304 Glycine, the other fast inhibitory neurotransmitter, is transported into the presynaptic vesicles by the same vesicular amino acid transporter VGAT/VIAAT. However, while GABA is specifically synthesized in GABAergic neurons, glycine is a ubiquitous proteinogenic amino acid, which raises the question why are not all GAD and VGAT/VIAAT positive neurons also glycinergic. VGAT/VIAAT has, however, a rather low affinity for glycine (in the range of 25 mM; Ref. 245) , which renders glycine uptake into presynaptic vesicles very inefficient unless glycine is enriched intracellularly through specific mechanisms. This specific accumulation is accomplished through the expression of the plasma membrane glycine transporter GlyT2 in glycinergic neurons (FIGURE 5B). The coexpression of GlyT2 and VGAT/VIAAT hence renders neurons glycinergic (18) . In most CNS neurons, with the possible exception of retinal amacrine cells, expression of GlyT2 is also a necessary prerequisite for glycinergic neurotransmission. GlyT2 protein and its encoding gene slc6a5 are therefore reliable markers for glycinergic neurons (302, 419) .
The GlyT2 protein is predominantly located in the axon terminals of glycinergic neurons (351) and hence in glycinergic termination areas (414) . The GlyT2 mRNA is found in the spinal cord, brain stem, and cerebellum and parts of CNS grey matter where the somata of glycinergic neurons are abundant (229, 415) . Mice deficient in GlyT2 exhibit a hyperekplexic phenotype characterized by an exaggerated startle response, tremor, and elevated muscle tone (125) and therefore show a hypoglycinergic phenotype consistent with the requirement of GlyT2 for the loading of glycine into presynaptic terminals. This deficit results in death of GlyT2 knockout mice ϳ10 days after birth.
Unlike expression of GlyT2, expression of the second plasma membrane glycine transporter (GlyT1; gene slc6a9) is not restricted to glycinergic neurons or glycinergic innervation territories. Instead, it is expressed widely throughout the CNS including in forebrain regions such as the hippocampus and the olfactory bulb (415), the thalamus, and the cerebellum (419) . It has been suggested that GlyT1 is only expressed in glia cells (4, 414, 415) ; however, recent work has clearly established that GlyT1 is also expressed in neurons of different CNS areas including of the spinal cord (85, 104, 409) . Neuronal GlyT1 appears to be enriched at pre-and postsynaptic sites at glutamatergic synapses (85) , where it may regulate the ambient concentration of glycine at NMDA receptors (409) . Gene deletion studies suggest a role of GlyT1 in both inhibitory glycinergic and excitatory NMDA receptor-mediated neurotransmission. It has been shown that GlyT1 contributes to the termination of glycinergic IPSCs in hypoglossal motoneurons through uptake of glycine after synaptic release (124) . Accordingly, GlyT1 knockout mice show reduced muscle tone and altered respiratory rhythms and die shortly after birth (124) . Evidence for the involvement of GlyT1 in NMDA receptor activation comes from studies performed in hemizygous GlyT1 ϩ/Ϫ mice. These mice exhibit increased NMDA receptor activation in the hippocampus and perform better in learning and memory tasks (376) .
GlyT1 and GlyT2 also differ in the stoichiometry of ion transport. This difference is likely to have significant implications on their function. GlyT1 has a stoichiometry of 2 Na ϩ /Cl Ϫ /glycine (all transported in the same direction), while GlyT2 has a stoichiometry of 3 Na ϩ /Cl Ϫ /glycine (324) . Consequently, GlyT2 always transports glycine inwardly, whereas GlyT1 may change direction and secrete glycine under conditions of low extracellular glycine, high intracellular Na ϩ , or depolarization (324) . One might thus speculate that GlyT1 could supply glycine to NMDA receptors under certain conditions. While the gene deletion studies discussed above provided evidence for very distinct functions of GlyT1 and GlyT2, studies employing pharmacological inhibitors have produced less dichotomous results. For example, electrophysiological experiments in lamina X of the rat spinal cord using Org 24598 and Org 25543, to block GlyT1 and GlyT2, respectively, showed that both transporters shape the decay phase of evoked IPSCs, induce tonic glycine receptor currents, and facilitate NMDA receptor activation (49) .
III. LAMINAR ORGANIZATION OF THE SPINAL CORD
In this section we briefly summarize the anatomical organization of the spinal grey matter and the innervation pattern of the spinal cord by sensory fibers (for a more comprehensive overview of this topic, see Ref. 364 ).
Fibers conveying sensory information from peripheral tissues to the spinal cord originate from neurons located in the dorsal root ganglia (DRGs), which are situated adjacent to the spinal cord on either side. These neurons send their axons both to the peripheral tissue and to the spinal dorsal horn, which they enter through the dorsal roots. The afferent fibers are usually classified according to their conduction velocity, diameter, and extent of myelination as well as by their responsiveness to sensory stimuli of a different nature (thermal, mechanical, chemical) or intensity (noxious or innocuous). A␣ and A␤ fibers have the largest diameter, are thickly myelinated, and conduct action potentials with the highest velocity. The majority of these neurons are activated by low-intensity (innocuous) mechanical stimuli and do not encode stimulus intensity at least not in the noxious range. A␦ fibers possess axons with smaller diameters, conduct more slowly, are thinly myelinated, and respond to noxious thermal and intense mechanical stimuli. C fibers are the thinnest fibers, are unmyelinated, and have the lowest conduction velocity. The vast majority of C fibers are activated solely by noxious thermal or mechanical stimuli; however, some subsets also encode innocuous thermal (cool or warm) information or are activated by low-intensity mechanical stimuli. C fiber nociceptors are also notable for their sensitivity to the transient receptor potential vanilloid 1 (TRPV1) ion channel agonist, capsaicin, the pungent compound found in hot peppers. Nociceptive C fibers can be further subdivided into peptidergic and nonpeptidergic classes. Peptidergic C fibers express calcitonin gene-related peptide (CGRP) and, in most cases, the neuropeptide substance P while nonpeptidergic C fibers bind the Griffonia simplicifolia isolectin B4 (IB4). It has recently been suggested that behavioral responses to noxious heat are exclusively mediated by TRPV1 positive peptidergic nociceptors, whereas responses to noxious mechanical stimuli are governed solely by nonpeptidergic nociceptors expressing the sensory neuron-specific G protein-coupled receptor mrgprd (61, 332) . However, this matter remains controversial and awaits further confirmation (3). Recently, a distinct population of C fibers with low mechanical activation thresholds has been described that is characterized by the expression of the low-abundance type 3 vesicular glutamate transporter (VGluT3; gene slc17A8). These fibers appear to play a major role in the generation of mechanical allodynia following inflammation, nerve injury, or trauma. Their termination area is lamina I and the innermost layer of lamina II (339) . It should be added that in general, all three fiber classes include both nociceptors and low-threshold mechanoreceptors, although to very different degrees.
On a gross scale, the spinal cord can be divided into a dorsal horn, the sensory part, and a ventral horn, mainly harboring motor control circuits. The superficial dorsal horn is mainly innervated by nociceptive fibers, whereas fibers from low-threshold mechanoreceptors are largely lacking from this area. In contrast, the deep dorsal horn is innervated mainly by low-threshold mechanoreceptors. The vast majority of neurons throughout the dorsal horn respond to both noxious and innocuous stimuli. They are therefore called wide dynamic range neurons. Projection neurons in lamina I are an exception. Under physiological conditions they are only excited by noxious stimuli. The excitation of superficial dorsal horn neurons by innocuous stimulation can be explained by the extension of their dendritic trees into the deep dorsal horn or by polysynaptic connections formed by interneurons connecting the deep with the superficial dorsal horn.
According to Rexed (316) , the grey matter can be further subdivided into 10 laminae (FIGURE 6A). The original work was initially carried out in the cat, but the laminar organization is also found in rats and mice. Lamina I, also known as the marginal zone, is the thinnest outermost layer of the dorsal horn and is only a few cell diameters thick. It contains segmental excitatory and inhibitory interneurons and projection neurons responsible for conveying information from the spinal cord to supraspinal levels including the lateral parabrachial area, the periaqueductal grey, and the thalamus. Estimates of the number of projection neurons range between 5 and Ͼ9% of all lamina I neurons in the lumbar segments of the rat (349, 413) . Additional projection areas have been discovered more recently (120) , and studies using retrograde labeling may hence have missed some projection neurons (11) . Projection neurons in lamina I receive monosynaptic input from A␦ and C fiber nociceptors (86, 169) , as well as input from excitatory and inhibitory segmental interneurons (86, 293, 308) and from descending serotonergic fiber tracts (298) . Lamina I projection neurons are normally not activated by nonnociceptive input and are therefore sometimes referred to as nociceptive specific. Many, but not all, of the lamina I projection neurons express the neurokinin 1 (NK1) receptor activated by substance P (242, 293, 365, 367) . Ablation of NK1 receptor-positive lamina I neurons using substance P-conjugated saporin has demonstrated that these neurons serve a pivotal role in acute and chronic hyperalgesia (240, 275) . It should be added that NK1 receptor expression is not entirely specific for lamina I projection neurons as some interneurons also express NK1 receptors, albeit in smaller amounts (10) .
Lamina II is located directly below lamina I and is sometimes referred to as the substantia gelatinosa due to its transparent appearance. This is a consequence of the absence of innervation by myelinated fibers. In electrophysiological studies, lamina I and lamina II are often collectively termed the "superficial dorsal horn" (occasionally together with lamina III). Lamina II is densely innervated by both peptidergic and nonpeptidergic C fibers. Peptidergic C fibers terminate predominately at the outer region of lamina II (lamina IIo), while nonpeptidergic fibers terminate at the inner region (lamina IIi) close to the border with lamina III. Lamina II mainly contains glutamatergic excitatory interneurons and GABAergic inhibitory interneurons. The cell bodies of glycinergic neurons are less frequent in lamina II. A specific subtype of excitatory glutamatergic neurons, which express protein kinase C␥, is located at the border of lamina IIi and lamina III (237, 264, 294) .
The deeper laminae (III and VI) are innervated mainly by myelinated A␤ and A␦ fibers (FIGURE 6A) but also receive significant input from C fiber nociceptors (88, 262) . Projection neurons located in the deep dorsal horn typically respond to both nociceptive and nonnociceptive input and therefore belong to the class of wide-dynamic-range (WDR) neurons. Inhibitory interneurons in this region of the dorsal horn utilize both GABA and glycine in most cases. Laminae VII and VIII cover the area of the ventral horn not populated by motoneurons (FIGURE 6A). These laminae contain, among others, commissural interneurons projecting to the contralateral ventral horn. Lamina IX contains motoneurons innervating skeletal muscle. Lamina X, also known as area X, covers the grey matter surrounding the central canal and is also involved in sensory function. Area X receives input from C fibers innervating the viscera and contains neurons that project to the brain stem and thalamus.
IV. LAMINAR DISTRIBUTION OF GABA A AND GLYCINE RECEPTORS IN THE SPINAL DORSAL HORN
The distribution of GABA A and glycine receptors within the CNS was studied extensively during the late 1980s and early 1990s, when the different subunit genes were cloned (116, 210, 396, 397) . Most of the results from this period remain valid today. Here we briefly review the expression pattern of these receptors in the spinal cord and discuss them in the context of more recent observations.
A. GABA A Receptors
The expression pattern of the major GABA A receptor isoforms in the spinal cord has been studied at the protein and mRNA level mainly in mice and rats. The protein distribution in the rat has been analyzed in detail by Bohlhalter et al. (48) . This study showed that the ␣3, ␤2/3 (␤2 and ␤3 could not be distinguished with the antibody used in this study), and ␥2 subunits exhibit a uniform distribution throughout the various laminae in the adult rat spinal cord. Other subunits exhibit a more lamina-specific localization. ␣2 Subunits are most abundant in the superficial dorsal horn and in motoneurons. The ␣1 and ␣5 subunits are most densely expressed in laminae III-VIII, while the superficial dorsal horn (lamina I/II) is largely devoid of these subunits. A virtually identical pattern has also been recently described in the mouse (Ref . 196 and FIGURE 6B ). The distribution of GABA A receptors has also been assessed in the human hindbrain and most rostral segments of the cervical spinal cord (386) . The results of this study are mostly in agreement with the data obtained from rodents with one possible exception. The authors describe strong expression of ␣1 subunits in lamina II of the spinal cord (Table 3 in Ref. 386 ). However, closer inspection of the data (see Figure 5 , A and B in Ref. 386) indicates that the area of ␣1 immunoreactivity is more likely to be located in lamina III rather than lamina II.
Several other studies have addressed the distribution of GABA A receptor subunits using in situ hybridization both in adult rats (290, 396) or during development (211, 232) . These studies have largely focused on the four benzodiazepine-sensitive ␣ subunits (␣1, ␣2, ␣3, and ␣5), the ␤1-3 subunits, and the ␥1-3 subunits. In the adult spinal cord, ␣2 and ␣3 were the most abundant ␣ subunit mRNAs. Spinal GABA A receptors hence resemble mainly type II benzodiazepine receptors. The ␣2 subunit mRNA was particularly concentrated in ventral horn motoneurons, while the ␣3 subunit mRNA was expressed to an equal degree in both ventral and dorsal horns (290, 396) . In situ hybridization also showed that, in contrast to the brain, the ␤3 subunit is much more abundant than the ␤2 subunit in the spinal cord (211, 396) .
Strong in situ hybridization signals for ␣2, ␤3, and ␥2 subunits are also observed in DRG neurons of adult rats (232, 290) . The ␣2 subunit mRNA is strongly expressed in largediameter DRG neurons and to a lesser degree in smalldiameter cells (290) . These observations correlate well with electrophysiological studies which have found that largediameter capsaicin-insensitive DRG neurons exhibit bigger GABAergic membrane currents than small-diameter capsaicin-sensitive cells (393) . Since most morphological studies have failed to detect GABA A receptor protein in the soma of DRG neurons, it is likely that most of the protein is transported into the spinal terminals of these cells (48, 290) . Indeed, the subunit pattern in the termination area of primary sensory fibers in the dorsal horn largely mirrors the expression of subunit mRNA in DRG neurons. A recent study using confocal microscopy to evaluate the colocalization of GABA A receptor subunits with markers for different classes of afferent sensory fiber has revealed that ␣2 (and ␣3) subunits are expressed on dorsal horn axons and/or axon terminals of nociceptive (CGRP-and IB4-positive) and nonnociceptive afferents (i.e., those positive for the vesicular glutamate transporter VGluT1) (398) . However, recent electrophysiological experiments indicate that a significant portion of the dorsal horn ␣2 subunits is still located on intrinsic dorsal horn neurons (196) .
Other groups have addressed the issue of GABA A receptor subunit expression in cultured embryonic and adult human DRGs using reverse-transcriptase PCR (RT-PCR) (234) . The results of this study confirmed that the ␣2 and ␤3 subunits were the most consistently expressed subunits both in embryonic and adult DRG neurons. Additional subunits detected in adult human DRG neurons included ␣3, ␣5, ␥3, , , 1, and ␤2. 1 GABA receptor subunit protein is largely concentrated in the superficial layers of the mouse dorsal horn and also found in the cell bodies of most mouse DRG neurons (423) .
A few studies have addressed developmental regulation of spinal GABA A receptor subunits. In rat DRG neurons, a shift occurs from ␣3 and ␣5 subunits towards higher expression of ␣2 subunits (232) . In the rat spinal cord, mRNAs encoding the ␣4, ␥1, ␥3, and ␦ subunits are expressed in a spatially discrete manner during development (232) , while ␣6 mRNA is absent from the spinal cord and DRGs throughout development (211, 232) .
B. Inhibitory Glycine Receptors
Whereas GABA A receptors are expressed throughout the mammalian CNS, glycine receptors show a more restricted distribution. A high density of glycine receptors are found in both the ventral and the dorsal horn of the spinal cord, in various nuclei of the brain stem, including the trigeminal nucleus, and the cerebellum. As mentioned previously, immature glycine receptors generally assemble as ␣2 homomeric channels; however, by adulthood most glycine receptors comprise ␣1/␤ heteromers. Channel complexes containing the ␣3 subunit are found in the spinal cord and also in the hippocampus. In the spinal cord, ␣3 subunits are concentrated in the superficial layers of the dorsal horn where nociceptive primary afferent fibers terminate (FIGURE 6C) (140) .
The scaffolding protein gephyrin is frequently used as a postsynaptic marker of inhibitory synapses in the CNS including the spinal dorsal horn (373) . Gephyrin was initially discovered by coimmunoprecipitation with glycine receptors (42, 291, 334) but has since also been found in GABAergic postsynaptic structures lacking glycine receptors (370) . It is involved in the clustering of both glycine and GABA A receptors (58, 102, 198, 331) .
V. DISTRIBUTION OF PRESYNAPTIC ELEMENTS OF GABAERGIC AND GLYCINERGIC NEUROTRANSMISSION IN THE SPINAL DORSAL HORN
The spinal dorsal horn receives inhibitory GABAergic and glycinergic input from local interneurons and through fiber tracts descending from supraspinal areas. The distribution of local inhibitory interneurons has been studied at the transmitter level, using antibodies raised against GABA and glycine, and at the mRNA and protein level using GAD65, GAD67, and GlyT2 as marker proteins. More recently, transgenic mice expressing enhanced green fluorescence protein (EGFP) under the transcriptional control of the aforementioned genes became frequently used and very valuable tools.
Immunohistological staining of GAD65, GAD67, and GlyT2 has provided information about the regions innervated by GABAergic and glycinergic terminals, since these proteins are preferentially located in presynaptic boutons (28, 247, 351) . These studies have shown that GABAergic terminals are found throughout the spinal grey matter. In an effort to determine the relative abundance of GAD65 and GAD67 in the spinal cord, Mackie et al. (233) demonstrated that the majority of boutons in the dorsal horn exhibit immunoreactivity to both isoforms. However, certain boutons exhibited stronger staining either for GAD65 or GAD67. At sensory-motor synapses in the ventral horn, GAD65 is exclusively associated with terminals presynaptic to primary afferents. GAD67 is associated in addition with GABAergic terminals that form synapses with dendrites and somata (41) . Many of the GABAergic boutons also express GlyT2 in addition to GAD, with no difference in association with either GAD65 or GAD67 (233) .
The localization of GABAergic neuronal cell bodies became for the first time possible, when it was discovered that GAD proteins become retained in the cell body by the treatment of animals with colchicine, a blocker of axoplasmic transport. This approach has revealed that GABAergic neurons are distributed throughout the spinal grey matter (27, 168). Later, antibodies raised against GABA and glycine became available which allowed the detection of these amino acids in the terminals as well as the somata and dendrites of GABAergic and glycinergic neurons. The latter approach enabled the reliable identification of GABAergic (155, 353, 366) and glycinergic cell bodies (284, 300) without the need for colchicine pretreatment. Importantly, glycine immunoreactivity is restricted to glycinergic neurons, despite the fact that it is a ubiquitous proteinogenic amino acid. It is likely that the concentration of glycine in nonglycinergic cells is too low to produce significant staining. In general, these studies demonstrate an enrichment of GABAergic somata in the superficial layers (I-III) of the dorsal horn. These findings have since been confirmed by in situ hybridization experiments (231, 348) and studies employing EGFP reporter mice (359) (FIGURE 7B).
Glycine immunoreactive neurons were found throughout the spinal grey matter, although they are concentrated in the deeper laminae of the dorsal horn (lamina III and deeper) (361) . Comparative analyses of GABA-positive and glycine-positive neurons revealed that ϳ30 -50% of superficial dorsal horn neurons are GABAergic and about half of these are also immunoreactive for glycine (350, 369, 372) . These observations have largely been confirmed by in situ hybridization studies (162) and in mice expressing EGFP in glycinergic neurons (419, 420) (FIGURE 7C).
VI. CORELEASE OF GABA AND GLYCINE IN THE SPINAL DORSAL HORN
As already discussed in sections IV and V, elements of GABAergic and glycinergic neurotransmission exhibit an overlapping distribution in the spinal cord. Accordingly, inhibitory postsynaptic responses mostly exhibit two kinetically distinct components: a glycinergic, strychnine-sensitive component with fast decay kinetics and a GABAergic, bicuculline-sensitive component with slower kinetics (24, 412 (71) and neonatal area X neurons (340) . In some neurons, such as those in lamina I, a dual component was not apparent at rest but could be unmasked following application of flunitrazepam, a benzodiazepine site agonist which facilitates activation of GABA A receptors (71) . Based on the findings discussed in section II C, the underlying molecular requirement for corelease of both transmitters is most likely the coexpression of at least one isoform of GAD with the neuronal glycine transporter GlyT2 and VGAT/VIAAT.
Although the corelease of glycine and GABA is now well established, the physiological function is less clear. Corelease of GABA and glycine from the same presynaptic vesicle does thus not necessarily mean that both transmitters contribute to postsynaptic inhibition. Initial studies performed at room temperature did not provide a compelling answer, since at unphysiologically low temperatures neurotransmitter transporter are not fully active and transmitter molecules may hence diffuse out of the synaptic cleft to activate extrasynaptic receptors. It was, therefore, important to investigate whether cotransmission occurs at (near) physiological temperature. In the case of the dorsal horn, this was done in a recent study by analyzing the kinetics of mIPSCs recorded at 35°C (252) . Under these conditions, ϳ10% of mIPSCs still exibited kinetic properties consistent with coactivation of GABA A and glycine receptors. There is evidence to suggest that functional mixed GABAergic/glycinergic unitary events are more frequent during early postnatal development than in adulthood (172) . Work by Chery and De Koninck (70, 71) has suggested that, at least in lamina I in adult rats, glycine serves as the major fast inhibitory neurotransmitter. Further evidence supporting a dominant role for glycine in phasic and tonic inhibition of superficial dorsal horn neurons has also been reported by Mitchell et al. (252), but see also section X. These authors found that neurons receiving a dominant glycinergic input were more abundant than those receiving stronger GABAergic input. In addition, the latter study detected a tonically active glycinergic conductance but no baseline current mediated by GABA A receptors. In adults, mixed events could, however, still be unmasked using benzodiazepine agonists (192) , suggesting that the developmental specialization occurs at the level of the postsynapse rather than at the presynapse. However, regional differences in the mechanism may still exist (271) .
Given that glycine apparently mediates the bulk of fast synaptic inhibition, the question arises what function is served by the coreleased GABA. Chery and De Koninck (70, 71) suggested that GABA primarily acts via extrasynaptic GABA A and via presynaptic GABA B receptors. At inhibitory synapses in lamina I, where corelease results solely in glycinergic postsynaptic responses, application of GABA B receptor antagonists increases glycinergic IPSCs. This suggests that the primary function of coreleased GABA may provide a negative-feedback signal to the presynaptic terminal (70) . Other studies have provided evidence for other forms of cross-talk between the two transmitter systems. Yévenes et al. (411) have shown that activation of GABA B receptors through G protein ␤␥ subunits potentiates glycine receptor currents in spinal cord neurons. Studies carried out in the medial nucleus of the trapezoid body (MNTB) of the auditory system revealed that the corelease of GABA dramatically shortens the kinetics of glycine receptor currents (225) . In recombinantly expressed glycine receptors, the extremely fast kinetics of glycinergic IPSCs in this cell type could only be replicated when GABA was coapplied together with glycine. There is also evidence for an interaction in the opposite direction. Activation of glycine receptors in lamina X cells decreased the amplitude and accelerated the rate of desensitization of GABA-induced currents through activation of phosphatase 2B (215).
VII. MORPHOLOGICALLY DEFINED SUBTYPES OF DORSAL HORN INTERNEURONS
Inhibitory dorsal horn neurons exhibit morphological and biophysical properties, which can be used to distinguish them from other types of neurons with a reasonable degree of reliability (FIGURE 8). Several recent studies have identified four neuronal cell types in lamina II based on the morphology of their dendritic trees (131, 150, 303) . These cell types are termed islet, central, radial, and vertical neurons (150, 406) . A number of publications define additional cell types such as antenna (243) or medial-lateral cells (131) . Some of these cell types, in particular islet cells, also exhibit biophysical characteristics, such as firing patterns, and physiological features including excitation by certain subclasses of primary afferent fibers (compare FIGURE 10), which distinguish them from other cell types. However, in the other cell types, morphological characteristics correlate less well with functional properties. Furthermore, a significant number of dorsal horn neurons remain unclassified due to their incongruous morphology. For the purpose of this review, we will focus on islet, central, radial, and vertical cells.
A. Islet Cells
Islet cells were first described by Gobel in 1975 in the substantia gelatinosa of the cat trigeminal nucleus (123) . Their somata are found mainly in lamina IIi, but cells with similar morphology are also found in lamina III. The dendritic trees of islet cells predominantly extend in a rostrocaudal direction (ϳ450 m in hamsters) with smaller extensions (ϳ60 m) in the mediolateral and dorsoventral directions (131) . Their axons are restricted to lamina IIi. The vast majority of islet cells are GABAergic, i.e., their activation elicits monosynaptic bicuculline-sensitive IPSCs in postsynaptic cells (226, 243) . Accordingly, they are labeled by antisera raised against GABA or glycine (301). Islet cells exhibit a depolarized resting membrane potential of about Ϫ48 mV and display a tonic firing pattern, i.e., repeated action potential firing at relatively constant intervals throughout the duration of the depolarization (131) . Virtually all islet cells receive monosynaptic input from comparatively large-diameter, fast-conducting C fibers. This C fiber input is of larger amplitude than that of other superficial dorsal horn neurons.
B. Central Cells
The cell bodies of central cells are found in both lamina IIi and IIo. Their dendritic trees lie mainly in lamina IIi, where they project in the rostrocaudal direction but do not extend as far as those of islet cells (ϳ200 -300 m). However, the mediolateral and dorsoventral dimensions of their dendritic trees are comparable to those of islet cells. Unlike islet cells, central neurons can be either inhibitory or excitatory. Inhibitory (GABAergic) central cells exhibit a tonic firing pattern (131), whereas excitatory (glutamatergic) ones fire transiently. The latter can be further subdivided into those exhibiting a fast inactivating A-type potassium current and those lacking this type of current (131).
The morphological and electrophysiological properties of GABAergic central cells have also been studied in transgenic mice expressing GFP under the prion protein (prp) promoter. In these mice, GFP is specifically expressed in tonically firing GABAergic neurons in lamina IIi of the dorsal horn (136, 137) . Dorsal root stimulation evokes monosynaptic excitatory input in tonic GABAergic central cells through relatively fast-conducting C fibers and possibly also through A␦ fibers (131).
C. Radial and Vertical Cells
Radial cells are so named because their dendrites "radiate" in all directions. It is likely that previously described "starshaped" cells (44) and "stellate" cells (335) in the rat and human dorsal horn, respectively, are also radial cells. Upon a depolarizing current injection, radial neurons fire action potentials only after a short delay during which the membrane potential slowly depolarizes (131) . Most radial neurons are glutamatergic (408); however, GABAergic cells have also been reported (243) .
Vertical cells resemble the partially stalked cells previously described by Gobel (123) . Most of these neurons are located in lamina IIo. Their dendritic trees extend either ventrally or dorsally but not in both directions at the same time. The majority of vertical neurons, like radial cells, are excitatory, although exceptions to this rule have also been reported (227, 408) . In a study which analyzed mice expressing GFP under the control of the GAD67 (gad1) promoter, 4 of 29 GFP-labeled neurons exhibited vertical cell morphology (150) . Since these mice express GAD67-GFP as a conventional transgene (281) , it is possible that this was due to ectopic GFP expression in some cells. However, Maxwell et al. (243) also described a GABAergic phenotype in two of six randomly selected lamina II neurons exhibiting vertical cell morphology.
D. Glycinergic Neurons
The physiological properties of glycinergic neurons have been analyzed using bacterial artificial chromosome (BAC) transgenic mice expressing EGFP under the transcriptional control of the GlyT2 gene (419) . The discrete pattern of EGFP expression in these mice allows glycinergic cells to be distinguished from other types of dorsal horn neuron. Glycinergic neurons in the superficial dorsal horn show a slightly depolarized membrane potential compared with nonglycinergic cells and a slightly higher membrane input resistance. The majority of these cells display a tonic firing pattern, but single spiking activity and phasic and delayed firing patterns are also apparent. At least some glycinergic cells in lamina III show an islet cell like morphology (301).
E. Outlook
The studies discussed above indicate that islet cell morphology and tonic firing patterns are reasonable predictors of an inhibitory phenotype among lamina II neurons. However, nonislet cells and cells with nontonic firing patterns can also be GABAergic (150) . In fact, it is very likely that neither dendritic tree morphology nor firing pattern is fully satisfying as predictors of the function of inhibitory dorsal horn interneurons.
Additional criteria including the expression of specific transcription factors (discussed in the following section), neuropeptide content and the presence of additional transmitters, enzymes, or calcium binding proteins will have to be considered in addition. Many GABAergic spinal cord neurons coexpress peptide transmitters such as neuropeptide Y (299, 325), galanin (345), enkephalin, or thyreotropin-releasing hormone (113) . In addition, many GABAergic and combined GABAergic/glycinergic neurons also express parvalbumin or NADPH diaphorase/nitric oxide synthase (NOS). Some NOS-positive neurons, specifically those which lack glycine immunoreactivity, also express choline acetyltransferase (350, 363) . Finally, inhibitory interneurons in lamina I and II do not contain somatostatin or neurotensin (368) , whereas some cells in lamina III do express these neuropeptides (307) . These markers may become increasingly relevant in the future, particularly since they are genetically encoded and thereby provide means to specifically interfere with interneuron functions through genetic manipulation.
It is likely that recently developed techniques will lead to the discovery of new marker proteins and to more sophisticated interneuron classifications. New technologies already enable the isolation of mRNA from defined cell types with improved fidelity. Fluorescence-activated cell sorting (FACS) of EGFP tagged neuronal subtypes TRAP technique (92, 148 ) is one such technique. Another one, the BAC, allows the retrieval of translated mRNA even from neuronal subtypes showing a scattered distribution and being intermingled with other cell types. Correlation of gene expression with neuronal function should be greatly facilitated by the recent advent of novel techniques allowing the expression of proteins suitable for the activation, silencing, or ablation of neurons in a cell type-specific manner. Such innovative approaches include among others optogenetics (9) and the expression of diphtheria toxin under the control of cell type-specific promoters (3).
VIII. TRANSCRIPTION FACTORS DETERMINING THE SPECIFICATION OF DORSAL HORN INHIBITORY INTERNEURONS
A better understanding of transcription factor expression in dorsal horn interneurons is likely to help establish a more complete classification system for the various neuronal populations. It will also provide the basis for developing tools capable of genetically manipulating these cells.
In the mouse, dorsal horn interneurons are born between E10.5 and E14. Those born during the early phase of neurogenesis (E10.5-E11.5) settle in the deep dorsal horn, whereas those born during the late phase (E11.5-E14) comprise the upper layers of the dorsal horn (308; reviewed in Refs. 60, 126, 153) . During this period, six types of interneuron (dI1-6) are generated from spatially distinct progenitor domains (129, 267) (FIGURE 9, A AND B). The three uppermost neuronal types, generated in the alar plate (dI1-3), depend on morphogen signals from the roof plate (212) . In contrast, the three ventral alar plate populations appear to be generated independently from dorsal or ventral morphogen signals (129, 267) . The majority of dorsal interneurons are generated during the second phase of neurogenesis (267, 394) . Two main types of neuron (dILA and dILB) are generated from a large progenitor domain expressing a seemingly uniform transcription factor code (FIGURE 9C).
The six early born and two late born interneuron populations can be distinguished because a transcription factor code specific for each subtype has been identified (127, 129, 212, 267) . Furthermore, Cheng and co-workers (68, 69) demonstrated that the neurotransmitter content of dorsal horn interneurons correlates with the expression of the paired domain transcription factor Pax2 and homeodomain transcription factor Tlx3. Pax2-positive neurons coexpress molecular markers for GABAergic neurons, including GAD65, GAD67, and VIAAT, whereas Tlx3-positive neurons coexpress genes required for a glutamatergic phenotype (e.g., VGluT2). The use of Tlx3 and Pax2 as molecular markers for glutamatergic or GABAergic fate, respectively, enables the identification of GABAergic populations generated at different times within the developing dorsal spinal cord, namely, early born Pax2-positive, GABAergic dI4 neurons, and late born Pax2-positive, GABAergic, and dILA neurons (68) .
Another transcription factor, the Ladybird homolog Lbx1, is expressed in both GABAergic and glutamatergic neurons.
Interestingly, deletion of the Lbx1 gene leads to a fate change from GABAergic to glutamatergic neurons, suggesting that Lbx1 is a postmitotic selector gene for GABAergic fate (69 
A. GABAergic Fate Decisions in Dorsal Spinal Progenitor Cells
Neuronal identity is first specified in neural progenitor cells. Early dI4 GABAergic neurons are generated from a distinct progenitor domain expressing a unique combination of transcription factors including Ptf1a, Mash1, and Gsh1, thereby determining the identity of dI4 neurons (122, 152) . In contrast, late born dILA GABAergic neurons are generated from the same progenitor pool as late born dILB glutamatergic neurons. Work from the labs of Birchmeier and Goulding has shown that the bHLH transcription factor Mash1, which is expressed in neural progenitors of dILA and dILB neurons, is required for specification of late born GABAergic neurons but not glutamatergic dILB neurons (255, 394) . It has also been indicated that GABAergic dILA neurons are generated from asymmetric divisions and are dependent on Notch signaling. This suggests that asymmetric distribution of Notch activity is involved in determining the fate of late born GABAergic neurons.
B. Defining GABAergic Subpopulations
The two different GABAergic subpopulations, dI4 and dILA, are likely to be comprised of additional neuronal subpopulations. For example, the expression of certain neuropeptide markers is restricted to specific subsets of dorsal horn interneurons. Bröhl et al. (54) and Huang et al. (164) have shown that the expression of neuropeptides, including nociceptin, galanin, neuropeptide Y (NPY), and enkephalin, depends on Ptf1a or Lbx1. This suggests that the expression of these neuropeptides may require transcription factors that act downstream of the selector genes Ptf1a or Lbx1 with respect to their role in specifying dorsal horn GABAergic interneurons. Furthermore, the results indicate that a subsequent combinatorial expression of bHLH and Lim homeo-domain transcription factors leads to the subspecification of GABAergic interneurons.
It is hoped that studies such as these will ultimately result in the identification of transcription factors involved in the determination of the different morphologically and functionally defined neuronal subpopulations described in the previous section. This gain in knowledge will not only promote our understanding of spinal cord development but should also lead to the generation of novel tools allowing the genetic manipulation of specific interneuron populations in vivo. Examples of the great potential of transcription factor-dependent cre expression in spinal interneuron populations are Pax2-cre (279) and Ptf1a-cre (188) mice. In the spinal cord, Pax2 and Ptf1a are expressed by the inhibitory interneurons either of the entire spinal cord (Pax2) (68) or of the dorsal horn only (Ptf1a) (122, 153) . They thus allow specific gene deletion in this cell population (289, 323) . Another elegant example involves a small subpopulation of dorsal horn interneurons that depend on the transcription factor Bhlhb5 and control itch processing in dor- The three ventral-most interneuron populations (dI4-dI6) are also generated in the absence of a dorsal signaling center. B and C: a transcription factor code for dorsal spinal interneuron specification. B: during the early phase of neurogenesis, six types of dorsal interneurones (dI1-6) arise from six distinct progenitor domains (P1-6). Individual progenitor domains (P1-P6) express a unique combination of transcription factors thereby establishing the identity of the respective interneuron population. Newborn dorsal interneurons also express a unique set of transcription factors required for the further specification of their identity. C: during the late phase of neurogenesis, mainly two types of late born interneurones (dILA and dILB) arise from a broad progenitor domain (PdL) expressing a seemingly uniform transcription factor code (e.g., Mash1 and Gsh1/2). This suggests the involvement of additional mechanisms than combinatorial expression of transcription factors to generate neuronal diversity. The two late born neuron populations are distinguished by the expression of a different set of transcription factors subsequently determining their identity.
sal horn circuits (323) (see also sect. XIVG). Bhlhb5 is an atonal-related bHLH transcription factor that is expressed in early born dI6 neurons and in a subset of late born dorsal horn interneurons consisting of inhibitory as well as excitatory interneurons (220, 323) . Inhibitory interneurons that express Bhlhb5 have been demonstrated to control itch processing in dorsal horn circuits.
IX. EXCITATORY DRIVE ONTO INHIBITORY DORSAL HORN NEURONS
Inhibitory interneurons in the dorsal horn are activated by primary afferent sensory nerve fibers and by fiber tracts descending from supraspinal areas. Electron microscopy studies in the monkey (59) and rat (361) demonstrate that all three classes of sensory fibers (A␤, A␦, and C fibers) contact dendrites of inhibitory neurons in the spinal dorsal horn. Glycinergic (or mixed GABAergic/glycinergic) neurons are preferentially targeted by thickly myelinated low-threshold fibers (301, 361, 390) , whereas purely GABAergic neurons are preferentially contacted by thinly myelinated and unmyelinated fibers (12) . This differential innervation is also reflected in the somewhat different distribution of GABAergic and glycinergic cells with glycinergic neurons being concentrated more in the deeper dorsal horn layers (compare sect. V). In vivo patch-clamp recordings in the rat have provided corresponding functional data. GABAergic and glycinergic IPSCs could be evoked by innocuous mechanical stimulation (274), and subsequent work by a number of other groups has shown that the majority of GABAergic superficial dorsal horn neurons receive mono-and polysynaptic excitatory input from C and A␦ afferent nerve fibers (131, 137, 226, 227, 406, 408) (TABLE 1) . The presence of C fiber input in GABAergic neurons does not necessarily mean that these neurons are excited by noxious stimuli. It has rather been demonstrated that the C fibers that excite islet cells are different from typical nociceptive C fibers specifically in their conduction velocities, which are significantly higher (131) . These fibers might correspond to a particular subclass of C fibers with a low activation threshold, which has been described in microneurographic single fiber recording experiments in humans (40, 380) . Psychophysical experiments suggest that these fibers convey pleasant touch sensations (221).
As discussed in section VII, the vast majority of inhibitory lamina II interneurons evoke pure GABAergic IPSCs in their postsynaptic target neurons (130, 226, 243) . The presence of a strong glycinergic IPSC component elicited in vivo by light touch stimulation (274) indicates that additional (glycinergic or mixed GABAergic/glycinergic) interneurons must also become activated by low-threshold primary afferent fibers. Interestingly, mixed GABAergic/glycinergic neurons in lamina III that show an islet cell-like morphology receive synaptic input from low-threshold myelinated primary afferent fibers (301) and could thus be responsible for the IPSCs recorded after light touch stimulation by Narikawa et al. (274) .
A second source of excitatory drive to inhibitory dorsal horn neurons originates from supraspinal sites that send (nor)adrenergic and serotonergic fibers to the spinal dorsal horn. These fiber tracts have received significant attention as a source of endogenous pain control (107) . Both norepinephrine and serotonin have specific effects on defined dorsal horn neuron populations (228) . In addition to inhibiting excitatory neurons and terminals, noradrenergic and sertonergic fibers excite GABAergic and glycinergic interneurons. Norepinephrine depolarizes EGFP-labeled GABAergic neurons by activating ␣1 adrenoceptors (119), while serotonin increases the frequency of GABAergic mIPSCs and evoked inward currents by activating 5-HT 3 receptors (2).
In addition to serotonergic and noradrenergic fibers, also GABAergic and glycinergic fibers descend from supraspinal sites and innervate the dorsal horn. Such a direct inhibitory innervation (i.e., via monosynaptic connections) of dorsal horn neurons from the rostral ventromedial medulla (RVM) has been demonstrated using in vivo patch-clamp recordings (187) . Morphological evidence for the existence of GABAergic and glycinergic fibers descending from the RVM comes from studies by Antal et al. (17) . The glycinergic innervation is also evident in reporter mice expressing EGFP in glycinergic neurons (419) . In the spinal cord, descending GABAergic and glycinergic projections mainly target excitatory neurons (17). 
X. INHIBITORY NEURONS IN THE DORSAL HORN NEURONAL CIRCUITS: CLASSICAL POSTSYNAPTIC INHIBITION
Over the last few decades neuroanatomists and electrophysiologists have established a very precise blueprint for neuronal circuits in several CNS areas including the hippocampus and the cerebellum. Unfortunately, this is not the case in the dorsal horn of the spinal cord. Progress in this area has been impeded in part because of the diversity of neurons in this area but also as a result of the inherent difficulties associated with the identification of neuronal subtypes in "living" unstained slice preparations. In this section we shall summarize what is currently known about dorsal horn circuits.
In an effort to delineate neuronal circuits in the rat spinal cord, Lu and Perl (226, 227) performed simultaneous whole cell recordings from a priori unidentified neurons in lamina I and II of the rat. In the first of two studies, the authors identified 28 pairs of synaptically connected lamina II neurons from a total of 248 simultaneous whole cell recordings (226) . Of these, 15 were connected via inhibitory synapses. Each recorded neuron was classified according to its depolarization-induced action potential firing pattern and the morphology of its dendritic tree (see also sect. VII). A commonly occurring synaptic arrangement consisted of a presynaptic tonically firing GABAergic islet cell and a postsynaptic central cell. Only one glycinergic connection was observed, and no mixed GABAergic/glycinergic connections were detected. The predominance of GABAergic versus glycinergic connections correlates well with the relative scarcity of glycinergic neurons in lamina II (see also sect. V). In the same set of experiments, the authors also stimulated the dorsal root. They observed that both types of neuron receive monosynaptic input from afferent C fibers. However, the "presynaptic" GABAergic islet cell received input with a shorter latency than the "postsynaptic" central cell. These findings suggest that islet cells are innervated by relatively fast conducting C fibers, whereas GABAergic neurons belonging to the central tonically firing type were contacted by thinner, slowly conducting C fibers. Expression of c-fos, a marker for neuronal activation, in response to Formalin injections suggests that the input from these slowly conducting C fibers is nociceptive in nature (137).
In a second study (227) , the authors analyzed monosynaptic excitatory connections in the same region of the dorsal horn. They identified 27 such connections out of more than 400 simultaneously recorded pairs of neurons. These included monosynaptic connections between transiently firing central cells in lamina IIi and vertical cells in lamina IIo and from these cells to cells in lamina I. Among these lamina I cells were also projection neurons. All three cell types received monosynaptic input from primary sensory fibers. More specifically, lamina I neurons and central cells received input from C fibers, whereas vertical cells were excited by input from A␦ fibers (FIGURE 10). 
Many of Lu and

XI. SYNAPTIC TARGETS OF INHIBITORY INTERNEURONS IN DORSAL HORN NEURONAL CIRCUITS: PRIMARY AFFERENT DEPOLARIZATION, PRESYNAPTIC INHIBITION, AND DORSAL ROOT REFLEXES
Dorsal horn GABA A receptors are found on the somata and dendrites of intrinsic dorsal horn neurons, where they mediate classical postsynaptic inhibition, and at presynaptic sites on the spinal terminals of primary afferent sensory nerve fibers. In the following section we address the organization and function of this presynaptic inhibition.
A. Structural Arrangement of Primary Afferent Presynaptic Inhibition
In the spinal dorsal horn, primary afferent presynaptic inhibition occurs either in the form of rather simple axoaxonic synapses mainly in the case of A␤ fiber terminals
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(244), or in the form of complex synaptic arrangements called synaptic gluomeruli. These glomeruli are located in the superficial dorsal horn and comprise a central primary afferent fiber terminal that is surrounded by interneuron axon terminals and postsynaptic dendrites. (FIGURE 11A ). At least four such elements must be present in a glomerulum in addition to the central axon (318) . The vast majority of glomeruli contain peripheral axons that originate from GABAergic interneurons, while the dendrites postsynaptic to the central axon belong to glutamatergic excitatory neurons (391) . Two major types of synaptic glomeruli have been described in the rat dorsal horn. Type I glomeruli possess an unmyelinated primary afferent axon at their center (362) . These axons are nonpeptidergic and fluoride-resistant acid phosphatase (FRAP) positive (319) . According to more recent classifications, they correspond to nonpeptidergic IB4-positive C fibers. Type I glomeruli are mainly found at the center of lamina II and typically contain one to two peripheral axon terminals. Peptidergic axons (identified by their immunoreactivity against substance P in rats, Ref. 
B. Physiological Basis of Presynaptic Inhibition and Primary Afferent Depolarization
Primary sensory neurons, including primary nociceptors, exhibit a pattern of chloride transporter expression that is different from that of central neurons. The sodium/potassium/ chloride transporter NKCC1 is expressed at high levels, whereas the potassium chloride coexporter KCC2 is expressed either at low levels or, in some cases, completely absent (185, 306) . Because NKCC1 transports chloride ions from the extracellular space into the cytoplasm (45), intracellular chloride concentration in primary sensory neurons remains above electrochemical equilibrium (322) . As a consequence, activation of GABA A receptors on primary sensory neurons induces depolarization [termed primary afferent depolarization (PAD)] rather than hyperpolarization. Genetic deletion of NKCC1 abolishes depolarizing chloride currents from the somata of primary sensory neurons, emphasizing the importance of chloride currents for PAD (356 GABAergic (bicuculline-sensitive) component is usually dominating (98, 258, 277) .
PAD inhibits rather than facilitates transmitter release from the primary afferent terminal. Different explanations have been proposed to explain this phenomenon (204) . PAD may lead to the inactivation of voltage-gated Ca 2ϩ channels on primary afferent terminals and may thus reduce presynaptic Ca 2ϩ influx and transmitter release. Alternatively, it may interfere with action potential propagation into the terminal through either voltage-dependent inactivation of Na ϩ channels or through activation of a shunting conductance.
C. Physiological Functions and Consequences of Primary Afferent Depolarization in the Spinal Dorsal Horn
As outlined in section XIA, there is clear evidence showing that the spinal terminals of low threshold A␤ and A␦ fibers and of some nociceptors undergo presynaptic inhibition by inhibitory interneurons. This presynaptic inhibition permits the unique possibility to differentially regulate the excitability of different central branches of the same primary afferent sensory fiber. Although it is very likely that presynaptic inhibition plays a major role in the processing of sensory information, the precise contribution of presynaptic versus postsynaptic inhibition is difficult to define at present due to the inherent difficulties to selectively interfere with only one of the two components. However, the immediate effects of spinal application of the GABA or of the GABA A receptor agonist bicuculline on receptive field sizes of dorsal horn neurons (424) and on temporal adaptation to repeated sensory stimulation (89) are at least consistent with a contribution of presynaptic GABAergic inhibition to the processing of cutaneous sensory stimuli.
As discussed previously, morphological evidence for a relevant GABAergic innervation is rather weak in the case of the majority of primary nociceptor terminals, especially for peptidergic nociceptors. Whether or not presynaptic inhibition by GABAergic interneurons is relevant for nociceptive transmission is therefore controversial. Supporting evidence comes from physiological experiments, which have demonstrated the presence of dorsal root reflexes in capsaicin-sensitive primary afferent axons (219) and the blockade by intrathecal bicuculline of peripheral flare responses which depend on the release of CGRP from the peripheral terminals of peptidergic nociceptors (218) . In the absence of a direct innervation by axo-axonic synapses of the majority of primary nociceptors, GABA could still act as a volume transmitter (328) . In this case, GABA A receptors along the intraspinal segment of the primary afferent axon could be activated by ambient GABA to cause voltage-dependent inactivation of Na ϩ channels or activation of a shunting conductance (FIGURE 11B). Both would prevent the invasion of the presynaptic terminal by axonal action potentials. Direct experimental proof for either of these possibilities is lacking, in part due to the intrinsic difficulties associated with recording from spinal primary afferent axon terminals.
A very recent study investigated sns-␣2 knock-out mice in which GABA A receptor ␣2 subunits were specifically ablated from primary nociceptors and investigated subsequent changes in presynaptic inhibition and dorsal root potentials (DRPs) (398) . DRPs are local field potentials generated by GABAergic interneurons and occurring in one dorsal root after electrical stimulation of another dorsal root in a neighboring segment. While there was no change in baseline synaptic transmission in sns-␣2-deficient mice, diazepam facilitated DRPs in these mice much less than in wild-type mice. In addition, the inhibitory action of muscimol on synaptic transmission between primary high-threshold afferents and second-order neurons was potentiated by diazepam much less than in wild-type mice, verifying that GABAergic PAD and presynaptic inhibition occur indeed in nociceptors.
When occurring in nociceptor terminals, PAD and presynaptic inhibition should reduce pain. In fact, part of the antihyperalgesic action of intrathecally injected diazepam (compare sect. XV) occurs through an enhancement of presynaptic inhibition as demonstrated in experiments using the sns-␣2-deficient mice described above (398) . However, in nociceptors, PAD cannot only cause presynaptic inhibition, but may under certain conditions also give rise to so-called dorsal root reflexes. These are action potentials elicited in primary sensory fiber terminals by stimulation of a second afferent fiber via an interconnected GABAergic interneuron (compare also FIG-URE 15B) . They occur when PAD reaches the threshold of FIGURE 11 Synaptic glomeruli and presynaptic inhibition. A: schematic drawing of a synaptic glomerulum in the dorsal horn formed around the central axon of a primary afferent fiber and containing four peripheral elements, two "classical" postsynaptic dendrites originating from a glutamatergic neuron, one "peripheral" GABAergic axon terminal forming an axo-axonic synapse, and a vesicle containing "presynaptic" dendrite. B: possible arrangement of GABAergic innervation of primary sensory fibers and terminals in the spinal dorsal horn. Presynaptic inhibition at the primary afferent sensory terminal through axo-axonic synapse formed between GABAergic interneurons and a primary afferent terminal. The existence of such connections is well established for low-threshold primary sensory axon terminals. Although physiological evidence clearly supports the existence of a GABAergic innervation of peptidergic C fibers, axo-axonic synapses have not been unambiguously described in peptidergic nociceptors, and GABA might merely act as a volume transmitter on these fibers. In this latter case, inhibition may primarily occur through activation of a shunting conductance for example at the axon shaft and subsequent impairment of action potential propagation. Insets show possible consequences of both arrangements for the postsynaptic signal evoked by primary afferent stimulation. action potentials. These action potentials may then propagate both in an orthodromic (central) and antidromic (centrifugal) direction. The centrally propagating action potential is thought to reinforce pain sensation, while the peripheral action potential, in case of peptidergic nociceptors, contributes to neurogenic inflammation, vasodilatation, and plasma extravasation through the release of CGRP and substance P. For a possible contribution of dorsal root reflexes to certain pain states, see section XIVF.
XII. CHANGES IN DORSAL HORN SYNAPTIC INHIBITION DURING DEVELOPMENT
Nociceptive behavior and spinal nociceptive processing in young rodents differ significantly from that in adults. Immature nociception in newborn rats is characterized by lower withdrawal reflex thresholds in response to thermal, mechanical, and chemical stimuli (105, 179, 241) and reduced guarding in response to noxious stimuli (385) . Although these behavioral findings could be explained by immature motor coordination, electrophysiological studies have provided direct evidence in favor of underdeveloped sensory processing. Dorsal horn neurons of immature rats have larger receptive fields (111, 374) , exhibit prolonged after-discharges following sensory stimulation (110) , and display increased c-fos expression in response to innocuous stimuli (176) . These differences are most pronounced in newborn animals and gradually diminish during postnatal development until they disappear in the third postnatal week. Many facets of nociception in the immature organism resemble those observed in adult animals following pharmacological blockade of GABAergic or glycinergic inhibition in the dorsal horn (compare sect. XIV). These parallels have led pain researchers to speculate that undeveloped synaptic inhibition is the underlying difference. Hypotheses proposed over the years include 1) a depolarizing (instead of hyperpolarizing) action of GABA and glycine in the early postnatal dorsal horn, 2) lower chloride extrusion capacity of dorsal horn neurons, 3) less reliable GABAergic transmission, and 4) diminished intrinsic excitability of GABAergic neurons (summarized in FIGURE 12 ). These hypotheses have been addressed in a series of elegant studies by Fitzgerald and others and are summarized below. For a more detailed review, see also Reference 109.
A. Depolarizing Action of GABA and Glycine in the Spinal Dorsal Horn
The effect of GABAergic and glycinergic neurotransmission on neuronal excitability depends critically on the anion gradient of the postsynaptic cell. It is well known that this chloride gradient undergoes an embryonic maturation process extending into postnatal development (for a review, see Ref. 37 ). Shortly after birth, intracellular neuronal chloride concentrations are still high enough to render anion channel opening depolarizing rather than hyperpolarizing. The developmental maturation of the chloride gradient and of the hyperpolarizing action of GABA and glycine occurs through downregulation of NKCC1 expression and increased expression of KCC2 (352) .
The depolarizing actions of GABA have been thoroughly studied in many areas of the immature CNS. In the cortex and hippocampus, they extend into the second postnatal week, on average, and are sometimes large enough to trigger action potentials (37) . In the dorsal horn, a depolarizing or even excitatory action of GABA could contribute to increased nociceptive excitability in young animals. However, the time course for maturation of the neuronal chloride gradient does not correlate well with developmental changes in nociceptive behavior. In fact, in dorsal horn neurons, GABA starts to exhibit a hyperpolarizing effect during the first few days of the first postnatal week, significantly earlier than in most forebrain areas (24, 80) .
B. Lower Chloride Extrusion Capacity
The experiments yielding the data discussed above were performed in spinal cord slices and thus under conditions where neuronal activity is considerably lower than in intact animals. Although intracellular chloride may already reach adult levels in resting cells by this time, it is possible that chloride extrusion mechanisms are still insufficient to maintain this low level during higher neuronal activity. CorderoErausquin et al. (80) found that the chloride extrusion capacity of postnatal (juvenile) lamina I dorsal horn neurons was less than that of adult neurons up to an age of 3 wk. As a result, prolonged application of GABA onto dorsal horn neurons caused responses to be hyperpolarizing at the beginning of the application, but becoming depolarizing within tens of milliseconds. Furthermore, by the end of the second postnatal week, 35-40% of neurons still exhibit GABA-induced, depolarization-mediated increases in intracellular Ca 2ϩ despite the presence of an initial hyperpolarizing action. By comparison, these observations were absent in experiments carried out in spinal cords taken from healthy adult rats.
Although those experiments were convincing at the cellular level, in vivo recordings from single dorsal horn neurons provided direct evidence for an inhibitory action of GABA already by P3. Local application of gabazine, a selective GABA A receptor blocker, consistently increased the size of receptive field and action potential firing in response to low-intensity or high-intensity mechanical stimulation (52) . In a parallel study, the same group (144) did report a lowering of nociceptive thresholds in P3 rats following application of gabazine; however, this facilitation was lost in spinalized animals and therefore attributed to supraspinal circuits.
C. Less Reliable Release of Inhibitory Transmitters
The absence of an excitatory action of GABA during the first postnatal days and weeks does not necessarily preclude a critical contribution of an immature GABAergic system to altered nociception in the young animals. Weaker GABAergic or glycinergic inhibition caused by fewer or less active inhibitory neurons, or fewer synapses or receptors might be alternative factors, and more subtle differences including temporally or spatially less well-coordinated inhibitory inputs to postsynaptic cells might already be sufficient to explain the behavioral and cellular phenotypes of young animals described above.
Indeed, amplitudes of spontaneous and evoked GABAergic IPSCs are smaller in P3 rats than at P14 (24) or P21 (171) . In addition, evoked IPSCs at P3 and P10 show a higher coefficient of variation (171) consistent with a presynaptic difference resulting from, for example, fewer synaptic contacts, fewer active zones, or a smaller pool of available presynaptic vesicles. The same study also found that the speed of recovery of GABAergic IPSCs, after trains of stimulation, increased with age, suggesting that there are differences in the short-term plasticity of GABAergic synapses.
D. Intrinsic Firing Properties of Dorsal Horn Neurons
It has also been proposed that immature GABAergic neurons may exhibit reduced intrinsic excitability. Baccei and Fitzgerald (25) characterized the intrinsic firing properties of neurons in the superficial dorsal horn of the rat at three developmental stages (P3, P10, and P21). The authors found no differences in the distribution of firing patterns, firing frequencies, frequency adaptation, and threshold of firing. The most frequently observed firing pattern, at all three developmental stages, was tonic firing, which is also characteristic of adult GABAergic neurons. Consequently, developmental changes in the firing properties of GABAergic neurons can be excluded, although it is important to note that no attempts have yet been made to specifically select GABAergic neurons for recording.
E. Fidelity of GABAergic Transmission
Even if cell-autonomous functions such as chloride gradient, chloride extrusion capacity, transmitter release, and firing properties function already properly in young mice, differences may still exist in the organization of GABAergic connections. Bremner and Fitzgerald (53) provided evidence that the structural organization of inhibitory connections in the developing spinal cord is different from the adult. The authors assessed cutaneous inhibitory receptive fields at different stages of postnatal development. Inhibi-tory receptive fields are areas of skin that, following mechanical stimulation, can inhibit the response of a dorsal horn neuron to stimulation of its "excitatory" field. Inhibitory receptive fields in P3 rat dorsal horn neurons were more diffuse than in adults. In addition, inhibitory fields located on the side contralateral to the recorded neuron could be activated by low-intensity stimulation. In adult rats, a more intense pinch stimuli is required to achieve the same result. Alternative explanations for these observations, such as the issue of whether inhibitory GABAergic neurons receive less synaptic drive at younger ages, have yet to be fully addressed. Furthermore, the specific contribution of glycinergic transmission to dorsal horn function during the first days of postnatal development remains unresolved (24).
F. Possible Implications for Pain in Neonates
It should be emphasized that lower nociceptive thresholds in immature dorsal horn do not necessarily mean that neonates are more susceptible to hyperalgesia or chronic pain. Peripheral nerve damage resulting from plexus lesions can cause severe neuropathic pain in adult humans, while newborn infants are unaffected (14) . A similar situation exists in rats where peripheral nerve damage does not lead to longlasting neuropathic pain when it occurs before 3 wk of age (163) . Other examples include differences in the development of secondary hyperalgesia resulting from intense C fiber input into the dorsal horn. In adults, intense C fiber stimulation leads to microglia-dependent central sensitization; however, neither pain sensitization nor microglial activation is seen in neonates (145) . It is important to point out that not all differences in GABAergic inhibition favor stronger inhibition in the adult. For example, the decay of GABAergic IPSCs is significantly prolonged in young animals. This is due to the constitutive postnatal production of GABA A receptor facilitating neurosteroids, which disappear shortly after birth (Ref. 191 ; see also sect. XIIIA). With respect to the net charge transfer of GABAergic IPSCs, the longer duration of GABAergic IPSCs compensates for their smaller amplitude. Whether or not this influences pain behaviors at the level of the whole animal is not known.
XIII. ENDOGENOUS MODULATORS OF GABAERGIC AND GLYCINERGIC TRANSMISSION IN THE SPINAL DORSAL HORN
Inhibitory synaptic transmission in the dorsal horn is regulated by a variety of neuromodulatory compounds at both presynaptic and postsynaptic sites (FIGURE 13, TABLES 2 and 3). These include monamines such as norepinephrine and serotonin (5-hydroxytryptamine, 5-HT), various neuropeptides, purines, lipid mediators such as the neurosteroids, prostaglandins, and cannabinoids, acetylcholine, and GABA itself.
A. Neurosteroids
Neurosteroids (FIGURE 14) are synthesized from cholesterol and are structurally related to steroid hormones. They produce fast changes in neuronal excitability by interacting directly with ion channels and are therefore mechanistically distinct from classical steroid hormones, which are slow acting and mediate their effects through changes in gene expression. Neurosteroids are locally produced in the central nervous system and are likely to act in a spatially restricted (paracrine) manner. An important step in the synthesis of these compounds involves the uptake of cholesterol into mitochondria. This process is mediated by the 18-kDa translocator protein TSPO, formerly known as peripheral benzodiazepine receptor (286) .
The endogenous neurosteroids 3␣-reduced tetrahydroprogesterones and 3␣-reduced tetrahydrocorticosterones positively modulate or activate all major isoforms of GABA A receptors through allosteric sites (36, 253) . The C3␣ hydroxyl group ("3␣-ol") on the A ring and the C20 ketone moiety on the D ring are particularly important for mediating the potentiating effect of these molecules on GABA A receptors (139) . In addition, 5␣-pregnan-3␣-ol-20-one (3␣,5␣-tetrahydroprogesterone; 3␣,5␣-THPROG; allopregnanolone), and 5␤-pregnan-3␣-ol-20-one (3␣,5␤-THPROG; pregnanolone) are positive allosteric modulators at concentrations Ͻ100 nM and direct activators at higher concentrations. In contrast, 3␤,5␤-THPROG (iso-pregnanolone) and 3␤,5␣-THPROG (iso-allopregnanolone) are inactive at GABA A receptors, because they lack the 3␣ hydroxyl group. Glycine receptors are neither directly activated nor potentiated by 3␣,5␣-THPROG (252) or 3␣,5␤-THPROG (180). 3␣,5␤-THPROG even produces slight but significant inhibition of glycine receptor currents in cultured spinal cord neurons (114, 180) .
The actions of endogenous neurosteroids on dorsal horn GABA A receptors and their contribution to nociceptive processing and pain have been studied extensively by the groups of Schlichter and Poisbeau. In the dorsal horn, pregnenolone acts specifically during development and in inflammatory pain states. During early postnatal development, endogenous neurosteroids shape GABAergic mIPSCs by prolonging their decay. In slices taken from infant rats (Յ23 days old), blockade of 18-kDa TSPO with PK11195 or of 5␣ reductase with finasteride significantly shortens GABA mIPSCs in lamina II neurons. Alternatively, activation of 18-kDa TSPO following extended incubation with diazepam (applied in the presence flumazenil to avoid direct potentiation of GABA A receptors) prolongs the decay of mIPSCs (191) . An acceleration in the decay of GABAergic mIPSCs during postnatal development echoes the gradual decrease in the production of endogenous neurosteroids. This process also contributes to the progressive fading of the GABAergic component of mixed glycinergic/GABAergic mIPSCs. Endogenous neurosteroid production appears to subside at a varying rate in different regions of the dorsal horn. For example, in laminae III-IV, synthesis has ceased by day P8 but remains maximal in lamina II until P15 at which point it gradually decreases until it reaches zero at day P21 (173) . This differential, lamina-dependent decline may explain the different mIPSC kinetics in lamina II versus laminae III/IV during early postnatal development (172).
FIGURE 13
Endogenous pre-and postsynaptic modulators of inhibitory synaptic transmission in the dorsal horn. Presynaptic in this context refers to an action on the "presynaptic" inhibitory neuron. This is not restricted to the presynaptic terminal but includes also actions on the somata or dendrites or the presynaptic neuron.
Constitutive neurosteroid production can be restored pharmacologically once it has subsided by incubating spinal cord slices with different pregnanolone precursors or through combined incubation with diazepam and flumazenil. The latter finding indicates that the enzymatic machinery required for neurosteroid synthesis is still present. In fact, the limiting factor for neurosteroid production appears to be the transport of cholesterol across the mitochondrial membrane (173) . Importantly, there are also natural stimuli that can restore neurosteroid production. Peripheral inflammation can lead to a re-emergence of neurosteroid production both in the superficial dorsal horn and in its deeper laminae (173, 292) . In response to a peripheral inflammatory stimulus, such as the injection of carrageenan under the plantar surface of the left hindpaw, GABAergic mIPSCs become progressively slower and mixed GABAergic/ glycinergic mIPSCs reappear. At the behavioral level, increased GABAergic inhibition by endogenous neurosteroids produces reduced thermal hyperalgesia but has no effect on mechanical allodynia (292) .
When administered exogenously through intrathecal injection into the spinal canal, the action of different pregnanolone isomers is more complex. 3␣,5␣-THPROG (allopregnanolone) reduces thermal hyperalgesia and mechanical allodynia in rodent models of inflammatory pain, consistent with the effects of endogenous neurosteroids described above. However, 3␣,5␤-THPROG (pregnanolone) is also able to reduce mechanical allodynia but has no effect on thermal hyperalgesia (65) . The authors have postulated that this difference may be linked to the inhibitory effect of 3␣,5␤-THPROG on glycine receptor function (180) , which according to their data facilitates thermal hyperalgesia more than mechanical hyperalgesia.
B. Monamines
The monamines norepinephrine and serotonin have both been shown to interfere with synaptic transmission in the spinal dorsal horn. Norepinephrine reduces the release of glutamate from primary afferent terminals in the substantia gelatinosa (189, 285) and facilitates glycine and GABA release in the dorsal horn (20, 23) . The inhibition of glutamate release is mediated by ␣2 adrenoceptors and probably underlies the analgesic effects of the ␣2 adrenoceptor agonist clonidine and related compounds. The facilitation of GABA and glycine release is mediated by the activation of ␣1 adrenoceptors on inhibitory interneurons and terminals (119) . Other groups have also proposed a postsynaptic action of norepinephrine on glycine receptors in rat sacral commissural neurons (lamina X), where glycinergic membrane currents are potentiated by norepinephrine acting on ␣2 adrenoceptors (272) . Activation of ␣2 adrenoceptors results in a decrease in cAMP and inhibition of protein kinase A (PKA). Pretreatment with pertussis toxin prevents the potentiation of glycinergic currents, suggesting that this effect is due to a reversal of PKA-dependent inhibition. Interestingly, this process is reminiscent of the inhibition of GlyR␣3 by prostaglandin E 2 (PGE 2 ) and PKA as discussed in section IVD.
Serotonin potentiates GABA A receptor-mediated responses through G protein-coupled 5-HT receptors on neurons in the superficial dorsal horn (213) and in lamina X (403), resulting in activation of protein kinase C. A similar effect also occurs with glycine receptors (402) . In the isolated spinal cord, serotonin reduces the excitatory postsynaptic potentials in dorsal horn neurons triggered by electrical stimulation of dorsal roots of adjacent segments (342) and thus reduces the intersegmental propagation of sensory signals in the spinal cord.
C. Purines
ATP facilitates the release of glycine (175, 317) , GABA (167) , and glutamate (133, 214) through the activation of P2X receptors in the spinal cord. Since ATP is coreleased with GABA from many dorsal horn interneurons (182) , it is likely to serve as an endogenous regulator of dorsal horn neurotransmission. The ATP metabolite adenosine inhibits glycine and GABA release (166, 404) and also reduces synaptic transmission between primary afferent C and A␦ fibers (208) . Both effects are consistent with the strong expression of A1 adenosine receptors within the inner part of lamina I (338). Inhibition of excitatory transmission between primary nociceptive afferents and dorsal horn neurons probably underlies the well-documented antinociceptive effects of adenosine.
D. Neuropeptides
Endogenous and synthetic opioid peptides exert analgesic effects by inhibiting glutamate release from primary afferent terminals (199, 217) and disinhibiting descending antinociceptive tracts through reduced GABA release. Whether or not opioids also interfere with inhibitory transmission at the spinal cord or trigeminal level remains controversial. Grudt and Henderson (130) reported an inhibition of glycine and GABA release by the selective -opioid receptor agonist Tyr-D-Ala-Gly-N-methyl-Phe-Gly-ol (DAMGO) in the rat trigeminal nucleus caudalis. However, Kohno et al. (199) found no such effect in the substantia gelatinosa of the spinal dorsal horn. If, under certain conditions, opioids or opioid metabolites reduce inhibitory control in the spinal cord, it is tempting to speculate that this may contribute to opioid-induced hyperalgesia (15) .
Somatostatin is a neuropeptide produced by primary afferent neurons and dorsal horn interneurons (307) . In the dorsal horn, it activates somatostatin (sst) 2a receptors, which are mainly located on inhibitory neurons (371) . Activation of these receptors produces outward currents in inhibitory neurons (408) and thus inhibits their activation. Therefore, the pronociceptive effects of somatostatin in the spinal cord (341) are likely to result from a disinhibition of dorsal horn circuits.
Nocistatin (NST), a putative neuropeptide derived from the nociceptin/orphanin FQ precursor polypeptide (280), specifically inhibits GABA and glycine release in the dorsal horn (418) . This synaptic action can be prevented by pretreating spinal cord slices with pertussis toxin, demonstrating the involvement of G i/o -coupled GPCRs (418) . However, other groups have shown that NST depolarizes neurons in the central amygdala via activation of G q/11 and the phospholipase C-dependent opening of TRPC channels (66) . It is conceivable that activation of this pathway triggers the production or release of another signaling molecule responsible for the pertussis toxin-sensitive effects of NST on synaptic transmission. In rats, intrathecal injection of nanomolar doses of NST increases nociceptive responses in the Formalin test (418) and in the chronic constriction injury model of neuropathic pain (270) . At lower doses, NST has an antinociceptive action, which is blocked by pretreatment with D-serine, an endogenous agonist at the glycine binding site of NMDA receptor. The latter effect is likely to occur as a result of reduced availability of glycine at pronociceptive NMDA receptors (8, 270) . These reports suggest that pathological pain states lead to an increase in the release of synaptic glycine and the activation of neighboring NMDA receptors via spillover. Such a process is consistent with the increase in activity of glycinergic neurons that is observed during prolonged pain states (161) .
Ghrelin is a peptide hormone originally described in the gastrointestinal tract as a regulator of appetite and feeding. Ghrelin and its receptor, the growth hormone secretagogue receptor (GHSR) type 1a, are also expressed in the mouse spinal dorsal horn. After peripheral, or intracerebroventricular, injection ghrelin exhibits significant antihyperalgesic activity (344) . When tested in spinal cord slices, ghrelin dramatically increases the frequency of mIPSCs in the deep dorsal horn (384) .
E. Acetylcholine
Acetylcholine facilitates inhibitory neurotransmission in the dorsal horn by activating muscarinic and nicotinic receptors. The muscarinic agonist carbachol enhances the excitability of GABAergic dorsal horn neurons and facilitates synaptic release of GABA through non-M1, non-M2 muscarinic receptors (22) . Nicotinic receptors are found on the presynaptic terminals of inhibitory neurons (121, 358) and on the spinal terminals of serotonergic neurons descending from the raphe magnus nucleus (79) . In both cases nicotinic receptor activation facilitates transmitter release and inhibits spinal nociception. This action persists in the presence of dihydro-␤-erythroidine and methyllycaconitine, indicating that it is not mediated by ␣4␤2 or ␣7 containing nicotine receptors (358, see also Ref. 194) . Single-cell RT-PCR experiments revealed that ␣4␣6␤2 nicotine receptors predominate on inhibitory neurons in the dorsal horn (81) , making this receptor isoform an attractive target for possible nicotinergic analgesics. 
G. Zinc
Zinc can be considered an endogenous allosteric modulator of glycine receptors. It is stored in various presynaptic vesicles and released into the synaptic cleft upon stimulation (87, 115) . It exerts a biphasic modulation consisting of potentiation at low (Ͻ10 M) concentrations and inhibition at higher (Ͼ10 M) concentrations (46, 90, 209) . This bidirectional modulation occurs via distinct sites. Potentiation is dependent on an allosteric site, which increases the affinity of the receptor to glycine, whereas inhibition occurs through reduced efficacy. Amino acid residues involved in the potentiating action include D80, E192, E194 (209, 230) , while inhibition involves H107, H109, T112, and T133 (all positions refer to GlyR␣1) (142, 209, 249) . The various glycine receptor isoforms differ in their susceptibility to modulation by glycine, with GlyR␣2 and GlyR␣3 being inhibited by zinc to a lesser extent than GlyR␣1. This discrepancy is due to the substitution of the H107 residue in GlyR␣1 for an asparagine residue at the corresponding position in GlyR␣2 and GlyR␣3.
Point mutated "knock-in" mice, carrying a D80A substitution, are largely resistant to the potentiating effects of zinc while the glycine sensitivity, expression level, and receptor trafficking to the synapse remain normal (154) . Homozygous D80A point mutated mice exhibit a hyperekplexia-like phenotype, at approximately day P12, when ␣1 glycine receptors replace embryonic ␣2 glycine receptors. These mutants thus clearly reveal a physiological function for this modulatory site (and for zinc itself) in spinal cord neuronal circuits.
H. Other Modulators of GABAergic and Glycinergic Synaptic Transmission
The modulatory role of GABA acting as a feedback signal on inhibitory transmitter release, or as a postsynaptic modulator, is discussed in section VI. Effects of PGE 2 on glycine receptor function are discussed in section XIVD.
XIV. CHANGES IN INHIBITORY SYNAPTIC TRANSMISSION IN CHRONIC PAIN SYNDROMES
Melzack and Wall's gate control theory of pain (248) suggested that inhibitory interneurons in the substantia gelatinosa of the spinal dorsal horn act as "gate control" units for nociceptive signals entering the CNS from the periphery. At the time, this was merely speculation, and some of the synaptic arrangements proposed in their original publication turned out to be incorrect (128) . However, the advent of pharmacological tools capable of manipulating synaptic inhibition in the dorsal horn has led to the discovery that blockade of GABA A or inhibitory glycine receptors strongly enhances nociceptive sensitivity in rodents.
A. Pain Behavior Elicited by Blockade of Spinal GABA A and Glycine Receptors
In rats, intrathecal injection of strychnine at subconvulsive doses causes recurring stereotypic behaviors such as coordinated grooming, scratching, and biting at the skin (43) . In addition, these animals also develop heat hyperalgesia (65) and vocalize upon light mechanical stimulation of the skin (43) . At least some of the nociceptive responses produced by light mechanical stimulation in strychnine-treated rodents are resistant to treatment with morphine, suggesting that they are triggered by nonnociceptive primary afferent fibers (222, 343) . Intrathecal application of either bicuculline or picrotoxin also provokes vocalizations in response to innocuous mechanical stimulation with von Frey filaments. Furthermore, thresholds of vocalization in response to electrical stimulation of the tail are also significantly reduced (321) .
These behavioral observations correlate well with changes in c-fos expression following blockade of spinal inhibitory neurotransmission. The number of c-fos-positive neurons in the deep dorsal horn increased significantly following DORSAL HORN SYNAPTIC INHIBITION treatment with both strychnine and picrotoxin. In contrast, significant increases in the number of c-fos-positive neurons in the superficial dorsal horn were only obtained using picrotoxin (84) . An isobolographic study, aimed at investigating the effects of intrathecal administration of strychnine and bicuculline, indicated that the effects of both antagonists amount to more than an additive effect and thus suggest nonidentical mechanisms of action of both transmitter systems in pain (222) . Electrophysiological recordings from ␣ motoneurons, which produce the motor output after noxious skin stimulation, show that blockade of segmental GABAergic and glycinergic inhibition not only facilitates their activation in response to noxious stimuli but also renders these neurons responsive to innocuous stimulation (347). Miraucourt et al. (250) recently investigated the effect of reduced glycinergic inhibition in the trigeminal system. The authors found that blockade of glycinergic inhibition by strychnine increased action potential firing in both wide-dynamic -neurons and nociception-specific neurons. The latter newly acquired responsiveness to innocuous stimuli and were therefore converted into wide-dynamicrange neurons. Interestingly, increases in blood pressure, normally a reliable indicator of pain in anesthetized animals, only occurs after increased activation of nociceptionspecific neurons, not after activation of wide-dynamicrange neurons.
B. Changes in Functional Dorsal Horn Circuits After Blockade of GABA A and Glycine Receptors
The role of diminished inhibitory neurotransmission has also been examined in electrophysiological studies aimed at addressing the effect of reduced synaptic inhibition on signal processing in the dorsal horn neuronal circuit. Baba et al. (21) recorded primary afferent evoked EPSCs from lamina II neurons in spinal cord slices. Bicuculline had a negligible effect on the initial fast EPSC but led to the appearance of long-lasting polysynaptic responses after stimulation of primary afferent fibers at A␤, A␦, and C fiber strength. These long-lasting polysynaptic events disappeared in the presence of NMDA receptor blockers APV or ketamine. Interestingly, the effect of bicuculline was less pronounced in spinal cord slices obtained from mice with spared nerve injury, possibly indicating that GABAergic neurotransmission is already impaired in these mice. The same group also observed an increased incidence of polysynaptic A␤ fiber input onto substantia gelatinosa neurons in slices prepared from mice with inflamed paws (19) . Whether or not this polysynaptic A␤ input arose from reduced inhibition was not addressed, but other studies suggest that this might well be the case (140, 266) . In similar experiments, Torsney and MacDermott (375) studied two types of postsynaptic neurons located in either lamina I or III: NK1 receptor-positive (presumed projection) neurons and NK1 receptor-negative neurons. NK1 receptor-positive neurons in lamina I received monosynaptic input from high-threshold primary afferent fibers (A␦ and C fibers), while NK1 receptor-positive neurons in lamina III received monosynaptic input from low-threshold (A␤) fibers. Coapplication of bicuculline and strychnine induced polysynaptic input onto NK1 receptorpositive lamina I neurons, which was mainly A␤ fiber mediated. As shown by Baba et al. (21) , this polysynaptic input depends on NMDA receptor activation.
Since these initial electrophysiological studies, several other groups have provided direct evidence to support the concept that inhibitory neurotransmission becomes impaired during abnormal pain states. A number of studies have also proposed mechanisms to explain this observation. Deficits in synaptic inhibition have been shown to occur in at least three forms of pathological pain: 1) neuropathic pain elicited through peripheral nerve damage, 2) pain in response to peripheral inflammation, and 3) activity-dependent pain sensitization which refers to central sensitization triggered by intense nociceptor input to the dorsal horn in the absence of immunological inflammation or primary nerve damage.
C. Changes During Neuropathic Pain
De Koninck's group has proposed a potential mechanism for neuropathic pain following nerve damage in which inhibitory dorsal horn interneurons play a central role (FIGURE 15A). The authors found that injury to peripheral nerves induces a depolarizing shift in the chloride equilibrium potential of dorsal horn neurons (83) . This depolarizing shift originates from a reduction in the expression of the potassium chloride exporter KCC2 whose function is required to maintain a low intracellular chloride concentration. As a consequence, GABAergic and glycinergic input is rendered less inhibitory and may even acquire a net excitatory effect, i.e., induce depolarizations sufficiently large to trigger action potentials. Since the initial injury involves peripheral nerve fibers and the changes in chloride concentration occur in central neurons, this hypothesis is dependent on the action of one or more diffusible messengers released in the dorsal horn. Subsequent work by the same group ultimately identified activation of dorsal horn microglia and the release of brain-derived neurotrophic factor (BDNF) as critical steps in this process. The initial transsynaptic trigger is likely to be the release of cytokine CCL2 (also called macrophage chemoattractant protein-1, MCP-1) from damaged nerve fibers into the dorsal horn, which then activates resident microglia (360, 421) . ATP acting primarily on P2X4 receptors (312, 377) is thought to trigger the release of BDNF from activated microglia cells (82) . BDNF then binds to trkB receptors on dorsal horn neurons leading to the downregulation of KCC2 (82) . It should be noted that P2X7 receptors are also expressed at high levels by spinal microglia (312) and that some doubt remains over whether P2X4 or P2X7 receptors are more relevant (135) . Both receptors have hence received consid-erable attention as potential targets for novel analgesics directed against both inflammatory and neuropathic pain (72, 156) .
In vivo electrophysiology experiments have shown that peripheral nerve damage, the transplant of ATP-activated microglia, and pharmacological disruption of the transmembrane chloride gradient all lead to similar phenotypical switches in lamina I projection neurons (190) . Under physiological conditions, these neurons are not spontaneously active and only responsive to noxious stimuli. All three of the aforementioned manipulations induce spontaneous activity, increase firing responses to noxious stimulation, and transform nociceptivespecific neurons into wide-dynamic-range neurons. Studies carried out in spinal cord slices have demonstrated that changes in the local spinal cord circuitry are sufficient to trigger this type of phenotypical switch (336) . In these experiments, the spread of excitation through the dorsal horn, "across modality borders," was assessed using fura 2-based Ca 2ϩ measurements. In control animals, neuronal excitation resulting from electrical stimulation of A␤ fibers or local glutamate injection into the deep dorsal horn remained confined to the termination area of these fibers or to the site of glutamate injection. However, in neuropathic animals, neuronal excitation spread from the deep dorsal horn to the superficial layers, which normally only respond to noxious stimuli. This effect could be mimicked by blockade of inhibitory transmission with bicuculline and strychnine.
Deficits in GABAergic inhibition could also arise as a consequence of reduced GABA content caused, e.g., by a selective loss of inhibitory dorsal horn neurons (259, 337) . However, the issue of apoptotic cell death within subpopulations of dorsal horn neurons and whether this factor contributes to neuropathic pain remains controversial (295) (296) (297) .
FIGURE 15
Possible changes in synaptic inhibition during pathological pain states. A: three pathways leading to reduced synaptic inhibition in the dorsal horn. Peripheral nerve damage and microglia-induced changes in the inhibitory control by GABA and glycine (pathway shown in green). Inflammation-induced reduction in glycinergic neurotransmission (blue). Reduced glycine and GABA release triggered by intense C fiber input and subsequent release of endocannabinoids and activation of presynaptic CB 1 receptors (magenta). B: dorsal root reflexes as a possible source of secondary hyperalgesia and allodynia. Input from the lower axon excites a GABAergic interneuron, which depolarizes the top axon terminal. If the intracellular chloride concentration of the top axon is sufficiently high and input from the GABAergic interneuron strong enough to reach the action potential threshold, the top axon would give rise to the activation of additional central neurons and to release of proinflammatory peptides through action potentials retrogradely invading the periphery.
Pathological pain states are not only triggered by damage to the peripheral nervous system. They also occur following spinal cord injury, and diminished inhibition has also been suggested to occur under these conditions. For example, a reduction in the effect of bicuculline on the activity and receptive field sizes of inhibitory interneurons has been reported in allodynic rats after spinal cord contusion injury (95) .
Whether or not a microglia-induced disturbance of chloride homeostasis contributes to nonneuropathic pain remains unclear. The phenotypes of different mouse mutations may provide some hints. Mice lacking the CCL2 receptor CCR2 show a dramatic decrease in nociceptive responses after peripheral nerve damage and in the formalin test but only a relatively minor phenotype and no microglia activation after intraplantar injection of complete Freund's adjuvant (CFA) (1) . Intrathecal injection of the microglial activation inhibitor fluocitrate partially reverses zymosan A-induced mechanical hypersensitivity but has no effect in CFA-treated rats (75) . Furthermore, while expression of the chloride exporter KCC2 is downregulated in the dorsal horn after peripheral nerve damage, it is reported to be upregulated, together with the chloride importer NKCC1, in the superficial dorsal horn during arthritis (261) . The net effect of upregulation of both chloride transporters, which transport chloride in opposite directions, is not known and difficult to predict. However, the switch from analgesic to hyperalgesic action of intrathecally administered gabazine may indicate its functional relevance to pain (16) .
At first glance, the idea of GABA acting as an excitatory transmitter in neuropathic pain states seems to be at odds with the observation that facilitation of GABA A receptors by benzodiazepines, under these conditions, produces antihyperalgesic effects (196, 200) . There are several possible explanations for this apparent paradox. 1) The GABA A receptors relevant for antihyperalgesia may reside at the terminals of primary nociceptors which do not express KCC2.
2) The main mechanism behind the antihyperalgesic action may involve an increase in shunting conductance that would be retained despite changes in the chloride gradient. 3) In the majority of dorsal horn neurons, the reversal potential of chloride may become less negative but still remain hyperpolarizing after induction of neuropathy. 4) Spinal output neurons may retain low intracellular chloride concentrations even in the presence of neuropathy.
D. Changes During Inflammatory Pain
Diminished synaptic inhibition in the spinal dorsal horn also occurs in response to peripheral inflammation (140, 266, 314) (FIGURE 15A ). Peripheral inflammation results in increased expression of the inducible isoform of prostaglandin H synthase-2, known colloquially as cyclooxygenase-2 (COX-2) (35, 330) , and of inducible prostaglandin E synthase-1 (mPGES-1) (76, 100, 134, 239) . This leads to production of the pronociceptive and proinflammatory PGE 2 in the spinal cord (314, 330) . PGE 2 specifically reduces strychnine-sensitive glycinergic inhibition in the superficial dorsal horn through a postsynaptic mechanism involving EP2 receptors and PKA-dependent phosphorylation of ␣3 subunit containing glycine receptors (GlyR␣3) (7, 203, 276) . This subunit is specifically expressed in the superficial layers of the dorsal horn where the majority of nociceptive fibers terminate (140) . Mice deficient in GlyR␣3 exhibit normal responses to acute nociceptive stimuli, which may indicate an upregulation of other glycine receptor subunits in these mice, which are not inhibited by PKA-dependent phosphorylation, such as GlyR␣1 (311) . Despite unchanged responses to acute nociceptive stimulation, these mice (and EP2-deficient mice) recovered from inflammatory pain sensitization much more quickly than corresponding wild-type mice (314, 382) (reviewed in Ref. 416) . PGE 2 -, EP2 receptor-, and PKA-mediated reduction of glycinergic inhibition may also explain the decreased spinal PGE 2 evoked hyperalgesia in mice lacking in neuronal PKA (236) . More recent studies have shown that PGE 2 -mediated inhibition of GlyR␣3 appears to be restricted to immunological inflammation as it does not contribute to pain elicited by peripheral nerve damage or acute chemical irritation of C fibers following capsaicin, formalin, or acetic acid injection (143, 159, 310) .
E. Changes During Activity-Dependent Central Sensitization
In the early 1980s, Woolf (399) reported that intense nociceptor activation can alter the central (spinal) processing of both painful and nonpainful signals resulting in increased nociceptive responses after injury. Subsequent work has then shown that intense C fiber input increases receptive field sizes of dorsal horn neurons and rendered them responsive to input from nonnociceptive fibers (78) . Sivilotti and Woolf (347) later showed that this sensitized state could be mimicked by applying GABA A or glycine receptor antagonists onto the spinal cord. This phenomenon of C fiber activity-evoked sensitization is now commonly referred to as central sensitization and is generally studied experimentally by employing local injection of capsaicin or by electrical stimulation of the peripheral nociceptor terminals. It is insensitive to COX inhibition and thus apparently independent of prostaglandin synthesis (99) . However, capsaicin-induced secondary hyperalgesia is reduced by antagonists of group I metabotropic glutamate receptors and NK1 receptors (91) . Interestingly, both NK1 (94) and group I mGluRs (289) trigger the release of spinal endocannabinoids. This is particularly noteworthy since CB 1 receptor activation in the dorsal horn reduces IPSC amplitudes by inhibiting the synaptic release of glycine and GABA (177, 289) . Deletion of the CB1 receptor either globally or specifi-cally in inhibitory dorsal horn neurons prevents the development of mechanical sensitization after subcutaneous capsaicin injection (289) . Spinal endocannabinoids might therefore serve as mediators of heterosynaptic spinal plasticity by linking intense C fiber input to decreased synaptic inhibition by GABA and/or glycine (FIGURE 15A). Since the spinal application of CB 1 receptor activators exerts a net antihyperalgesic action in most animal models of inflammatory and neuropathic pain (for a review, see Ref. 387 ), central sensitization, as a result of exaggerated input from C fibers, may not play a major role in these pain models. On the other hand, the idea that endocannabinoids and CB 1 receptors support spinal disinhibition is consistent with reports which showed pronociceptive rather than analgesic actions of cannabinoids on acute pain in humans (201, 273) or in acute postoperative pain in patients (34, 57) .
F. Changes in Presynaptic Inhibition and Primary Afferent Depolarization During Inflammation and Neuropathy
As discussed in section XIC, activation of GABA A receptors at the central terminals of primary afferent fibers cannot only evoke presynaptic inhibition but also elicit dorsal root reflexes. Dorsal root reflexes have been recorded from individual A␦ nociceptors after tactile and noxious mechanical cutaneous stimulation (reviewed in Ref. 395 ) and in C fibers after conditioning cutaneous capsaicin injection (219) . C fiber dorsal root reflexes have been reported to contribute to the spread of capsaicin-induced flare responses beyond the site of injection (218) . Peripheral capsaicin injection facilitates the appearance of dorsal root reflexes in C fiber nociceptors (219) . Enhanced GABA release at axo-axonic synapses onto the C fiber terminals, sensitization of their GABA A receptors, or increases in intracellular chloride concentration could mediate this facilitation. Indeed, intense C fiber input as a result of intracolonic application of capsaicin promotes membrane trafficking and phosphorylation of NKCC1 in lumbosacral spinal cord tissue (117) . If these results reflect changes in primary nociceptor NKCC1, they may promote NKCC1-mediated chloride accumulation in these cells, as well as increase PAD and dorsal root reflexes (for a recent review, see Ref. 305) . In line with this concept, blockade of spinal NKCC1 activity with intrathecal bumetanide prevented increases in the incidence of dorsal root reflexes by capsaicin and capsaicin-induced hyperalgesia and allodynia (379) . Because PAD and dorsal root reflexes can be generated in C fiber nociceptors by input from touchsensitive A␤ fibers (112, 219) , it has been speculated that dorsal root reflexes may support touch-evoked pain or allodynia (64, 205, 206 ) (FIGURE 15B). However, Wasner et al. (389) failed to evoke vasodilatory responses by A␤ fiber stimulation in humans after capsaicin injection. The discrepancy between these results and those of Cervero and Laird (63) sparked an interesting scientific dispute (62, 388) .
G. Inhibitory Dorsal Horn Neurons in the Control of Itch
Like pain, itch serves a protective function in that it stimulates a scratching behavior aimed at the removal of a potentially harmful object or agent from the skin. Recent evidence suggests that pruritogenic (itch provoking) stimuli are detected by specialized primary afferent sensory neurons that release gastrin-releasing peptide at their spinal synapses. Here gastrin-releasing peptide activates its cognate receptor, the gastrin-releasing peptide receptors (GRPR), on lamina I neurons. Recordings from single histamine-sensitive C fibers in humans also indicate that a specific class of C fibers, distinct from typical nociceptors, are excited by pruritogenic stimuli (333) . Mice deficient in GRPR show reduced scratching behavior upon exposure to puritogenic stimuli (354) . Similarly, ablation of GRPR expressing neurons strongly reduces the responses of mice to such stimuli, suggesting a "labeled line" for itch sensation, at least at the peripheral and spinal cord level (355) . It should be noted, however, that a close interaction is likely to exist between itch and pain processing cells at the level of the CNS (170) . A recent study has identified a small population of inhibitory interneurons in the superficial dorsal horn which require the transcription factor Bhlhb5 for survival (323) . Deletion of Bhlhb5 causes mice to develop spontaneous scratching behavior, although responses to acute noxious stimuli remain the same. These mice do, however, exhibit signs of increased central sensitization in response to chemical irritants and inflammatory stimuli.
XV. RESTORING DORSAL HORN SYNAPTIC INHIBITION AS A POTENTIAL NEW THERAPEUTIC APPROACH TO PATHOLOGICAL PAIN
As discussed in the previous section, work from several laboratories indicates that diminished synaptic inhibition in the dorsal horn is a major contributor to pathological pain states. Peripheral nerve damage (82, 83) and inflammation (140, 266, 314) as well as intense C fiber input to the spinal dorsal horn (289, 347) lead to a reduction in inhibitory pain control. Drugs that facilitate dorsal horn GABA A receptors, and thus restore this inhibition, should represent a new approach to the treatment of pathological pain syndromes.
Injection of benzodiazepines such as diazepam (196) or midazolam (200) into the subarachnoid space of the spinal canal normalizes abnormal pain sensitivity in a wide range of rodent pain models and also shows efficacy in humans (378) . Similar antihyperalgesic actions are also obtained after systemic treatment with direct GABA A receptor agonists (195, 202) , and inhibitors of the GABA degrading enzyme GABA transaminase (55, 56, 278) . Furthermore, anecdotal evidence exists that supports an analgesic or antihyperalgesic role for systemic benzodiazepines in chronic pain patients (108, 138, 165) . However, this role remained difficult to prove due to the confounding sedative effects of these drugs.
The generation of GABA A receptor point-mutated mice, in which the four types of benzodiazepine-sensitive GABA A receptor subunits have been rendered diazepaminsensitive individually (327), has helped attribute the different in vivo actions of diazepam to specific GABA A receptor subtypes. Most importantly, the sedative effects of diazepam have been assigned to ␣1-GABA A receptors (326) , while the anxiolytic actions occur through ␣2-GABA A receptors (223) . The evaluation of these mice in different pain models has revealed that diazepaminduced antihyperalgesia does not require activation of ␣1-GABA A receptors and is therefore independent of the sedative effects of benzodiazepines. Subsequent and more detailed analyses revealed that ␣2-GABA A receptors make the biggest contribution to the spinal antihyperalgesic actions of classical benzodiazepines. ␣3-and ␣5-GABA A receptors also contribute in some models depending on the pain model and the pain stimulus (heat, cold, or mechanical) used (196) (FIGURE 16 ). Most recently, mice were investigated that express diazepamresistant ␣1-GABA A receptors and that are hence not sedated by systemic diazepam. These mice exhibited a clear analgesic or antihyperalgesic response to the drug in the absence of sedation. This antihyperalgesia was again mediated by ␣2-and ␣3-GABA A receptors (197) . Several studies have meanwhile provided proof-of-principle evidence that profound antihyperalgesic activity can be obtained using ␣1-sparing subtype-specific benzodiazepinesite ligands. The majority of these compounds were developed in the quest for nonsedative anxiolytic drugs, but several of them have also been tested in rodent pain models. One such compound, L-838,417, which is a partial agonist at ␣2-, ␣3-, and ␣5-GABA A receptors and lacks agonistic activity at ␣1 (246), has not only been tested in behavioral pain models but also in rat functional magnetic resonance (fMRI) experiments (FIGURE 16C). There it elicited a significant reduction in noxious heat stimulus-induced activation of pain-related brain areas, the so-called pain matrix (196) , but had only minor effects on brain activation elicited by acute nociceptive stimuli which was consistent with its antihyperalgesic action in behavioral tests. Several other compounds with various degrees of subtype selectivity and agonistic activity have also been scrutinized (197, 269) . Compounds with the desired subunit selectivity and sufficiently high intrinsic activity at ␣2 and ␣3 showed considerable antihyperalgesic activity at nonsedative doses (for reviews, see Refs. 251, 268, 417) . It is not yet known whether these results translate to humans, but the ongoing development of such compounds may soon answer this question.
XVI. CONCLUSIONS
It is firmly established that inhibitory interneurons in the spinal dorsal horn serve important functions in the central processing of sensory information. A deficit in synaptic inhibition at this site immediately leads to changes in the sizes of receptive fields of dorsal horn neurons. In pathological and chronic pain states, it is a major factor contributing to central pain sensitization. To date, substantial gains have been made in our understanding of the specific function of GABA and glycine and of their receptor isoforms in these processes. Ultimately, it is hoped that this will result in the development of novel pharmacological approaches to pain treatment. The function of defined subtypes of dorsal horn interneurons and their integration in dorsal horn neuronal circuits is much less clear. Current models such as the one shown in FIGURE 17 are to date only partially based on direct experimental evidence. Recently developed techniques such as optogenetics, which allow precise spatial and temporal control of the activity of defined interneuron populations, as well as the targeted ablation of specific interneuron populations in vivo promise exciting new insights over the next few years.
FIGURE 17
Possible integration of inhibitory interneurons in the spinal dorsal horn based on the findings discussed in this review. Excitatory and inhibitory axon terminals with red and yellow vesicles, respectively, are shown. 
